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PREFACE

The study of the methodology for prediction and minimization of
detrimental volume change of expansive soils in highway subgrades is a
b-yr investigation funded by the Department of Transportation, Federal
Highway Administration, under Intra-Government Purchase Order No.
4-1-0195, Work Unit No. FCP 34D1-132.

The work was initiated during June 1974 by the Soils and Pave-
ments Laboratory (S&PL) of the U. S, Army Engineer Waterways Experiment

Station (WES), Vicksburg, Mississippi. Dr. Donald R. Snethen, Research
Group, Soil Mechanics Division (SMD), was the principal investigator
during the period of this report. The work repcrted herein was per-

formed by Dr. Snethen; Dr. Frank C. Townsend, Chief, Laboratcry Re-
search Facility, SMD, Dr. Lawrence D. Johnson, Research Grcup, SMD;
Dr. David M. Patrick, Engineering Geology Research Facility, Engineer-
ing Geology and Rock Mechanics Divisicn; and Mr. Philip J. Vedros,
Special Projects Branch, Pavement Investigation Division, 8S&PL. The
investigation was accomplished wunder the direct supervision of
Mr. Clifford L. McAnear, Chief, SMD, and under the general supervision
of Mr. James P. Sale, Chief, S&PL.

Director of WES during the conduct of this portion of the study
and preparation of the report was COL G. H. Hilt, CE. Technical  Direc-

tor was Mr. F. R. Brown.
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CONVERSION FACTCRS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT
U. S. customary units of measurement used in this report can Dbe con-
verted to metric (SI) units as follows:
Multiply —_ By To Obtain

inches 2.54 centimeters
feet 0.3048 meters
miles (U. S. statute) 1.609344 kilometers
square feet 0.092903 square meters
square vyards 0.836127h square rmeters
gallons (U. S. liquid) 3.785412 cubic  decimeters
pounds  (mass) 0.4535924  kilograms
zons (200C 1b) 907.185 kilograms
pounds (mass) per square

foot 4,88242¢9 kilograms .per square meter
pounds (mass) per cubic Zfoot 16.0185 kilograms per cubic meter
pounds (force) per square

inch 6894 .757 pascals
tons (force) per square foot 95,7606 kilonewtons per square meter
Fahrenheit degrees 5/9 Celsius or Kelvin degrees"
¥ To obtain Celsius (C) temperature readings from Fahrenheit (F) read-

ings, use the following formula: C = (5/9)(F = 32). To obtain Kelvin

(K) readings, use: K = (5/9)(F - 32) + 273.15.



A REVIEW OF ENGINEERING EXPERIENCES WITH EXPANSIVE

SOILS IN HIGHWAY U3GRAJES

INTRODUCTION

1.  Volume change resulting from moisture wvariations 1in expansive
soil subgrades 1s estimated to cause damage to streets and highways 1in
excess of $1.1 billion annually,l parcicularly in  the western, central,
and southeastern United States. A 1972 survey2 of the highway depart-
ments in the 50 states, District of Ccolumbia, and Puerto Ricce indicated
that 36 states have expansive soils within their geographical jurisdic-
ticn.  Expansive soils are so areally extensive within parts of the
United States that alteration of the highway routes <o &avcid the mate-
rial is wvirtually Iimpossiple. In addition, the currently used pro-
cedures for the design and construction of pavements con expansive soils
do rnot systematically consider the wvariety o¢f <factors and conditions
which influence volure change as evidenced by the continued occurrence
of warped and cracked pavements 1in areas where expansive soils exist.
Thus more accurate methods are needed for identifying, <testing, and
treating expansive clays to improve highway design, censtruction, &and
maintenance techniques.

2. The U. S. Army Engineer Waterways Experiment Stat-on (WES)
has recently undertaken a h-yr study entitled "Development of Method-
clogy for Prediction and Minimization of Detrimental Volume Change of
Expansive Clays in Highway Subgrades,” sponsored by the Federal High-
way Administration (FHWA). The study has as its major objectives (a)

the establishment of physiograghic are of similar natural sources and

£

as
menifestations of swelling behavior, (b) the development of expedient
procedures for identifying expansive clays, (c) the developrent of
testing vprocedures for quantitatively (amount and rate oI wvclume
change) describing the behavior of expansive clays, (d) the develop-
ment and evaluation of innovative technclogies for preventicn of

detrimental swell under new and existing pavements, and (e) the devel-

opment of recommendecd design criteria, construction procedures, and



specifications Zfor the -economical construction of new vpavements and
maintenance or reconstruction of existing vpavements on expansive clays.
A1l of the major objectives involve specific problems which have been
studied by numerous independent and university researchers and state
highway agencies. In order to fully understand the problems and the
so_utions afforded them by the wvariocus individuals and agencies con-
cerned, a technical literature review and state highway agency contact
program was undertaken. - The irformation for the technical Cliterature
review was assembied with the aid of three ma‘or computer information
retrieval systems; name.y, Highway Research Information Service (HRIS),
Nationa. Technica. Irnformation Service (N7IS), and the Defense Documen-
tation Center (DDC) Zfacilities. The state highway agency contacts were
“imited to those states having a greater distribution ard freguency of
occurrence of problems with expansive soils as specified by the THWA, A
total of fourteen state highway agencies located in the western and cen-
tral United States were contacted. Subseguent to prelimirary discussions
eleven of these agencies were visited to discuss Iin detall their prob-
lems with expansive scils. The [literature review and 1informaticn derived
from the agency contacts provide an updated summary of engineering expe-
riences with expansive soils in highway subgrades. The information
collected also provided gquidance Zor detailing specific research topics
inciuded in this study. This report represents the resu:ts of the ef-
forts expended on the review of current literature combined with details
of experiences of various state highway agencles in coping with the
problem of expansive solls.

3, The purpcse of this report 1s to present a summary of tech-
nologies used to identify, test, and treat -expansive clays. The report
discusses the geologic, mineralogic, physical, and physicochemical
properties of expansive materials. Currently wused techrniques for 1iden-
tifying and testing expansive materials are categorized and evaluated
with respect to the applicability to highway engineering. Treatment
technicues wused in vresearch studies and routine construction practice
are presented and discussed. State highway agency practices with re-

gard to construction gquide_ines and specifications for highways on



expansive «clays are presented. Genera. conclusions are drawn with re-
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PROPERTIES CF EXPANSIVE SOILS

Geology

4, The origin and distribution cf expansive materials in the
United States are generally a function of the geologic history, sedi-
mentation, and present local climatic conditions. These three factors,
acting individually or in compbination, have contributed to the forma-
tion of earth materials which may present serious design and construc-
tion problems by the sorption of water and resulting dincrease in the
volume of the material. The term "expansive material" &as used here
signifies any earth materials which exhibit significant wvolume changes
in the presence of water.

5. These expansive materials may be subdivided into three cate-
gories or the basis of physical characteristics. These are expansive
argillaceous rocks, expansive argillaceous sediments, and expansive
argillaceous soils. This subdivision 1s geologic in context and re-
lates more to sedimentologic aspects and the gecologic history than to
mineralogy or to the amount of volume change exhibited by the material.
The term ‘"argillaceous" signifies that the meterial contains consider-
able clay-size particles which are wusually necessary for volume change
te occur.

6. The term TMargillaceous rocks" refers to relatively hard,
indurated clay shales cr clay stones which have been buried, consoli-
dated, and at least partially cemented. Argillaceous sediments include
those materials of Mesoczolc age or younger +that have not been suffi-
ciently buried, consolidated, or cemented to Dbe included in the cate-
gory of rocks. This is an arbitrary basis and materials exist for
which 1t is difficult to meke this distinction. The argillaceous soils
or residual soils refer to the altered materials which have formed upon
existing rocks or sediments. These residual scils may owe their expan-
sive character to the parent material and/or to the weathering pro-
cesses under which the soils were formed. Although each category of ma-

terial possesses different intrinsic properties, each may exhibit varying



degrees oI expansion due to the presence oI active clay minerals in
the material.

7. The active clay minerals include montrorillonite, mixed-layer
combinations of montmorillonite and cther clay 'minerals, and under scme
conditions c¢hlorites and vermiculites. Kaolinites and illites are usu-
ally nct considered active althcugh they may contribute to  expansive
properties if sufficient amounts are present 1in the material. The
mineralogical aspects of the vprokblem are discussed in mTore detail under
"Mireralogy." Expansiveness caused by minerals other than montmoril-
lonite 1s discussed wunder "Minerzlogy." In general, <the distripution of
expansive materials 1s contrellec oy these ceonditions which facilitate
the ocrma-tion, accumulation, and preservation of montmerillonite.
Formation

g, The following conditicns, either incividually or 1in combi-
nation, lead <to the formation o¢r origin of expansive materizals: (a)
weathering, (b} diagenetic alteration of ©preexisting minerals, and

(c) nydrothermal alteration. 0Of these conditicns, weathering and

o

diagenesis @are probably the more impcrtanz. or exemple:

&. Montmorillonite will ferm from the weathering of vol-
canic ash or primary silicate minerals such as feld-
Spars, pyroxenes, c¢r amphiboles under those conditions
which result in the rezenticn o©f bases and silica within
the weathering systen. These conditions are,promoted
by insufficient leaching of <the scil vprcfile by downward
moving water due o low permeability, and excessive
evapcration in reglecns of aridity.3

b. The distinction between diagenesis and weathering,
although somewhat vague, 1s Dbetween al:teration which
occurs at depth (diagenesis) or within the <top few feet

of the soil profile (weathering). Both involve similar
chemical and physical processes and beth cccur in  and
as a result of groundwater. The diagenetic formaticn

of montmorillonite results from the devitrification of
volcanic ash particles or shards which have accumulated
as sediments Iin sedimentary basins.h The shards are more

cr less amorphous, range in size from sand to clay, and

are chemically guite urstable. The instability and the
composition, which 1s often intermediate between rhyolite
and basalt and thus rich in <silica as well as bases, usu-
ally lead to the formation of montmorillonite. The shards

may occur intermixed with cother land- or basin-derived



sediments or as relatively pure discrete layers several
feet thick. Discrete layers of'volcanic ash which have
altered to montmorillonite are termed Dbentonite.

Accumulation

9, Sedimentary accumulaticns of montmorillonite originate in
those areas which receive land-derived montmerillonite anc/cr volcanic
ash sediments. The areas must either lie near or be stream-=connected
to land areas where montmorillonite was formed by weathering and/or lie
sufficiently near volcanic areas such that.volcanic ash sediments can be
carried either in the air or by streams t©o the areas of accumulation.

10. The energy conditions at the depositional areas must be

conducive to the deposition and accumulaticn of essentially silt- and

clay-size particles. These conditions may exist in several types of
sedimentary environments. The principzl controlling conditions are
relatively flat gradients and minimum wave energies. The following

tabulation shows typical sedimentary environments suitable for the

accumulaticn of wvolcanic ash and montmorillonite clay:

Sedimentary Environments
Marine Mixed Continental
Neritic Deltaic Lacustrine
Bathyl Floodplain
Abyssal Bolson (Playa)
11. The pertinent characteristics cof the environments listed in

the tabulation relate to the size and shape of the sedimentary deposit.
The marine environments, particularly the bathyl ahd abyssal, may be
areally extensive, while the continental environments are limited

areally and may even consist of isolated deposics.

Preservation

12. The preservation of sedimentary deposits of montmorillonite
involves all those factors which may affect the material from the time
that 1t was deposited until it 1s exposed at the earth's surface;
basically, this falls within the 1limits of diegenesis. The diagenetic
£

factors that may affect a sedimentary deposit consist of the following:

(a) deep burial resulting in high lithostatic (overburden) pressure,



(b) temperature 1increases resulting ZIrcm the burial, {(e¢) chemical effects
produced by pore solutions, ard (d) time exposed to high pressures.:
23, These diagenetic facters that nave contributed ¢ the fer-
mation of montmerillonite by the devitrification of wvolcanic ash may
with sufficient time and Ddurial vultimately .ead tc <the destructicn of
the mineral, whether oproduced origina__y <from ash or b r
volcanic ash. Thus the older rocks (Pa_eozcic and older) exnibit con-
siderzbly less montmorillonite than Mesczcic- or Cenczolc-age  rocks.
These older rocks consist malniy cf nonswelling I:iiite and chlorite
c_ay minera-s. It 1s believed that with time and buriai the montmoril-
.onite structure is a.tered and an illite:ike structure is proccuced.

Also, the Paieozoic rocks exhipit mixed-layer combinations ¢f montmeri:i-

“onite and other c.ay minerals which are the resu_t of diagenesis.

; 6
WeatherlnGB’

“4, Paysical and chemical weathering of argi-laceous sediments

and rocks results 1in changes in the properties o¢f these materia.s which

may affect their expansiveness. The zore of weathering and property
aiteration may vary 1in depth from & few inches to tens ¢f feet, The

actual thickness of the weathering zone 1s genera.ly dependent upon
climate and topography. The weatlering processes which may affect wol-
ume change are discussed in the following paragraphs.

15. Physica.  weathering. The two most important physical

weathering processes are stress re.
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to past or current over-
burden remova. and cyc.ic wetting and drying.  Stress release 15 simply
particle reorientation resulting from removal of external loads.

Cyclic wetting and dryinc 1is a physicechemical process in that water

is adsorbed on clay mineral surfaces during wet periods and 1s removed

by evaporation during dry pericds. The process con tc the
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deveiopment of cracks and wmay disrupt <the crganization c¢f double-layer
water on and 1n the expandable c_ay minera.s. The extent to which
wetting and drying affect volume <change depends upon the 1n situ

nature of the materizls and the type cof minerals present. For sediments

this process may actua-ly decr
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potentia. vo_ume <change Dby dis-

rupting double-layer water. Ergil_aceous rocks, Thowever, may exhibit



an increase 1in volume change since the process contributes to breaking
down the rock by cracking and the admission of water. Generally,
weathering of this type results in an increase 1in plasticity for the
argillaceous  rock.

16. Chemical weathering. The chemical weathering processes are

those which produce a change in the chemical constituency of the mate-
rial. The changes may be small, such &s the exchange of interlayer
cations on clay minerals, or large, involving the destruction of min-
eral constituenfs and the fermation of new mineral types. These
chemical weathering processes believed to be important in this study
are as follows:

2. Cation exchange. Cation exchange will occur in the zone
of weathering when a chemical energy gradient exists
between the groundwater and the clay minerals. The
gradient, if present, tends to affect a replacement of
the cations on clay minerals by cations in the ground-
water. The existence of the energy gradient 1is de-
pendent upon size of, charge of, and concentration <dif-
ferences between the 1lons 1in the groundwater and those
on clay minerals. The replacing power of the common
cations generally decreases in the following order:
magnesium, calcium, potassium, and sodium. This means
that other parameters being equal, magnesium will re-
place calcium easier than calcium will replace mag-

nesiun. The replacement may bpe partially a function of
clay mineral type and therefcre the replacement series
may not hold for all cases. A case in point is potas-

sium which on some clays is tightly bonded and is removed
with  difficulty. The type cation in the groundwater and
on the clay minerals in argillacecus rocks or sediment

may be guite variable. The cations present in groundwater
are dependent generally upon present climate. Sodium is
commonly associated with arid climates whereas calcium and
magnesium tend to predominate under wetter conditions;
furthermore, -the arid climates wusually exhibit higher
caticn concentration in groundwater than. zhe wetter cli-

mates. The <cations commonly present on montmorillonite
are calcium, magnesium, and sodium. These may occur in
variable proportions but generally one cation will pre-
dominate. The type of cation 1s determined by the chem-

istry of the environment of formation, chemistry of parent
material, and the chemical effects produced during dia-
genesis. Often, Dbut not exclusively, montmorillonite
derived from wvolcanic ash devitrification in marine envi-
ronments carries sodium, whereas montmorillonite of



simi:ar

in

rigin  produced nonmarine environments car
ca-citm ©r magneslun.

b. So_utlon. Groundwater moving through the sediments or
rocks may possess sufficient. acidity that the more sol-
uble minerals such as calcite or gypsum are removed by
solutiogn, This ©preocess decreases rocx strength  and
a.so permits the eniry c¢f moisture to the clay minera.s.

€. Oxidation. The presence of oxygen cr cxidizing agents
in groundwater may oxidize minera: compenents such as
pyrite, which is wunstable in a2 high pH environment:
oxidation o¢f the minera. vresuits in 1its remova., an in-
crease in veoid space, and vpossibly the formation ol
new minera: types.

17. DNew mirera- formation.7 “he chemical weathering processes
of oxidation and soiution may, 1in certain circumstances, resu.t 1n tle
formazion of new mineral types which are more stab.e 1in the weathering
environment. The new nmineral types genera..y nave specliic gravities
lower than the origina. minerals and of:zen are naydrated. This results
in an increase in the vo_ume of the material and Is expressed zat the
surface by heaving. . The volumetric increases caused by new minera.
formation for four weathering reactions are given 1in the ZIo.lowing

2

tabulation:
Original ew Volume Increase of
Minerel Minera: Crystalline Sclids, %
Iilite Alunite 8
I2lite Jarosite _
Calcize Gypsum 60
Pyrite Melanterite 536
The vo.ume increases are based upen a materlal consisting of 100 per-
cent origina. material.
Distribution of expansive materia.s

18, The following discussion involves <the characterisics,
compositions, and distribution of expansive materia.s In the conti-
nerta. United States. The sources o¢f this 1information inclucde data
provided by state highway agencies, geo.ogic and so0l. maps published
by wvarious Government agencies and private c¢rganizations, anc the

ries



combined experiences of geologistsand engineers within the Scils and
Pavements Laboratory, WES.

19, The discussion of expansive materials has been categorized
by physiographic province. Figure I iilustrates the Zirst-order
physiographic provinces that were selected to form the basis of the
presentation. The area: distribuzion and degree of expansiveness of
expansive materials within the United States are shown 1in Figures 2-6
and described in Table 1. The information pertaining to the physio-
graphic provinces is preliminary as presented in this report. Further
details and discussions of the provinces will be presented in a sub-
sequent  report.

20, The distribution of expansive materials shown 1in Figures

2-6 has Dbeen categorized on two bases: (i} degree of expansiveness and

(b) expectec freguency of occurrence of expansive materia.s. The bases
for categorizaticn are qua’itative., Three majer sources oI information
formed the bases for classificational decisions. Firstly, the reported

occurrences of expansive materiazls as indicated in published Iiterature
or other sources of data which revea:ed actual problems or failures
due to expansive materials.9 These sources were not necessarily
Zimited to highway subgrades. Secondly, materials maps provided sum-
maries of 1llustrated earth materia: properties pertinent <o this

- A

v

study. ~ Reference .0 was used to delineate areas of argiliaceous

materiais, and the scils surveys were used +to substantiate suspected
occurrences of expansive materials. Third, geo.ogic maps and cross
sections were used to identify and delineate areas of argillaceaous
rocks and sediments which were believed to possess expansive
properties. ~2-2t
21. These three genera. scurces were combined to produce four
mapping categories that reflect the degree of expansiveness and ex-
pected frequency of occurrence. The four categories are as follows:

©. Highly expansive and/or high frequency of
occurrence.

2. Medium. Moderately expansive and/or mederate fregquency
of occurrence.

10
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Figure 1. First order physiographic provinces within the continental United States
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Low. Generally of low expansive character.and/or low
frequency of occurrence.

Nonexpansive. These areas are mainly underlain by
materials which, by their physical makeup, do not ex-
hibit expansive properties and which, upon weathering,
do not develop expansive soils.

following premises guided the map categorization:

Any area underlain by argillaceous rocks, sediments,
or soils will exhibit some degree of expansiveness.

The degree of expansiveness 1s a Zfunction of the amount
of expandable «&lay minerals present.

Generally, the Mesozoic and Cenczoic rocks and sedi-
ments contain significantly more montmorillonite than
the Paleozolic (or older) rocks.

Areas underlain by rocks or sediments of mixed textural
compositicns (e. g., sandy shales or sandy clays) or
shales or clays interbedded with other rock types or
sediments are considered on the basis of geoclogic age
and the amount of argillaceous material present.

Generally those areas lying north of the glacial
boundary are categorized as nonexpansive due to the

cover of glacial drift. Whether the drift itself is
expansive 1s a function of drift texture and the
mineralogy of the source material. The till deposited

in Montana and the Dakotas 1s partially composep. of
material derived from expansive, Cretaceous shales in
this regicn; thus this till may show considerably

mcre expansive properties than tills in other regicns.
Also, the argillaceous sediments deposited 1in Pleis-
tocene lakes may be of such texture and mineralogy that
they also possess limited expansive properties.

From a regional standpoint, those soils derived from
the weathering of igneous and metamorphic rocks are
considerec nonexpansive. These soils may contain some
expansive clay minerals but their concentration and
the general so0il texture preclude appreciable volume
change. Also, in temperate areas these soils are
usvally limited in thickness.

The categorization does not consider climate or other
environmental aspects. These supjects will be ad-
dressed in a later report.

Argillaceous rocks or sediments originally compesed of
expandable-type e¢lay minerals do not exhibit significant
volume change when subjected to tectonic £folding, deep
purial, or metamorphism.

12
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ON THE DISTRIBUTION MAPS THESE CATEGORIES
ARF. GENERALIZED AND JUALITATIVE AND ARE
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AND PHYSIOGRAPHY DESCRIPTIONS OF THE PREDOM-
INANT GEOLOGIC FORMATIONS ARE GIVEN IN TABLE |.
THE BASIS FOR THE CATEGORIZATION 15 EXPLAINED
IN PARAGRARPH 22 OF THE TEXT.
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Engineering Geology and Rock Mechanics Division, U. S, Army
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THE BASIS FOR THE CATEGORIZATION IS EXPLAINED
IN PARAGRAPH 22 OF THE TEXT.

Map compiled by D. M. Patrick, H. K. Woods, and Frederick L. Smith,
Engineering Geology and Rock Mechanics Division, U. S. Army
Engineer Waterways Experiment Station, Vicksburg, Ms.

17,18




e

A “J'lﬁli'-~

—_—

R \\i\\

e AN
)

N
,\\\\\\

LIMITED

GLACIATION

10WA

NS

N

LEGEND
HIGH: HIGHLY EXPANSIVE AND/OR HIGH
FREQUENCY OF OCCURRENCE

MEDIUM: MODERATELY £XPANSIVE
AND/OR MODERATE FREQUENCY OF
OCCURRENCE

t.OW GENERALLY OF LOW EXPANSIVE
CHARACTER AND/OR LOW FREQUENCY OF
OCCURRENCE

NONEXPANSIVE: THE OCCURRENCE OF
EXPANSIVE MATERIALS EXTREMELY

CATEGORY BOUNDARY
SOUTHERN LIMIT OF CONTINCNTAL

<

MISSOUR!

. FOUR CATEGORIES OF FXPANSIVENESS ARE SHOWN

ON THE DISTRIBUTION MAPS. THESE CATEGORIES

ARE GENERALIZFD AND QUALITATIVE AND ARE

BASED UPON THE PRESENCE OF MONTMCRILLONITE
AND THE RELATIVE FREQUENCY OF OCCURRENCE

OF ARGILLACEOUS MATFRIAL IN THE AREA. MAJOR
CATEGORIZATIONS ARE BASED UPON STRATIGRAPHY
AND PHYSIOGRAPHY. DESCRIPTIONS OF THE PREDOM-
INANT GEOLOGIC FORMATIONS ARE GIVEN IN TABLE 1.
THE BASIS FOR THE CATEGORIZATION 1S EXPLAINED
iIN PARAGRAPH 22 OF THF TSXT.

Map compifed by D. W. Patrick, H. K. Woods, and Fredenick L. Smith,
Engineering Geology and Rock Mechanics Division, U. S. Army
Engineer Waterways Expeniment Station, Vicksburg, Ms.

19,20

FHWA Regions 7 and 8

Distribution of potentially expansive materials

in the United States:

Figure 5,



221e

z
o
3
m

I8 ="'

.
&

Y

e,
2,
>

%

2

R Tos N

LEGEND

HIGH: HIGHLY SXPANSIVE AND/OQR HIGH
FREQUENCY OF OCCURRENCE

LOW: GENERALLY CF LOW EXPANSIVE
CHARACTER AND /OR LOW FREQUENCY QF
OCCURRENCE

NONEXPANSIVE: THE OCCURRENCE OF
EXPANSIVE MATER:ALS EXTREMELY
LIMITED

CATEGORY BOUNDARY

FOUR CATEGORIES OF EXPANSIVENESS ARE SHOWN
ON THE CISTRIBUTION MARPS, THESE CATEGORIES
ARE GENERALIZED AND QUALITATIVE AND ARE
BASED UPON THE PRESENCE CF MONTMORILLONITS
AND THE RELATIVE FREQUENCY OF OCCURRENCE
OF ARGILLACEOQUS MATER AL IN THE AREA. MAJOR
CATEGORIZATIONS ARE BASED UPON STRATIGRARMY 100 - ¢ 100 200 M1
AND PHYSIOGRAPHY. DESCRIPTIONS OF THE PREDOM- .

INANT GEOLOGIC FORMATIONS ARE GIVEN IN TABLE 1,

THE BASIS FOR THE CATEGORIZATION 'S EXPLAINED

IN PARAGRAPH 22 OF THE TEXT.

HAWAL AND ALASKA NO™ INCLUDED.
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Table 1

Tebulstion of Potentially Expansive Materials in the United States

Physiographic Province Map**
N_o." Name Predominant Geciogic init Ceologic Age Location of Unit Category Remarks
1 Western Mountains of Reefridge Miccene CA 1 The Tertiary section generally
the Pacific Coast Monterey Miocene CA L consists of interbedded sand-
Range Rincon Miocene CA 1 stone, shale, chert, and
Tembler Miocene CA 1 volcanics
Tyee Eocene OR 3
Umpqua Peleccene-Eocene OR 3
Puger Gp Miocere WA 3 Interbedded sandstones and shales
with some coal seams
2 Sierra Cascade Cascade Op Pliccene OR L Predominate material is volcanic
Columbia Gp Miocene* WA L Interbedded sandstones and shales
Volcanics Paleozoic to NV L may occur throughout, particu-
Cenczoic larly in western foot hills
Volodnics Paleoczoic to CA L
Cenozoic
3 Pacific Trough Troutdale Pliocere WA 3 GCreat Valley materisls charac-
Santa Clara Pleistocene CA 3 terized by local areas of lowe
Riverbank Pleistocene CA 3 swell potential derived from
bordering mountains. Some
scattered deposits of bentonite
L Columbie Plateau Volicanics Cenozoic WA, OR, ID, NV L Some scattered bentonites and
wuffs
5 Basin and Range Valley fill materials Pleistocene OR, CA, NV, UD, AZ, NM, TX 3 Playa deposits may exhibit limited
. Volcanics Tertiary OR, CA, NV, UT, AZ, NM, TX 3 swell potential. Some scattered
bentonites and tuffs
6 Colorado Plateau Greenriver Eocene €O, UT, NM 3
Wasatch Eccene CO, UT, NM 3
Kirkland shale Upper Cretaceous CQ, UT, NM, AZ 2 Interbedded sandstones and shales
Lewis shale Upper Cretaceous (CC, UT, NM, AZ 2
Mancos Upper Cretaceous CO, UT, NM, AZ 1
Mowry Upper Cretacecus (O, UT, NM, AZ 1
Dakota Jurassic- CO, UP, NM, AZ 3 Interbedded sandstones and shales
Cretaceous
Chinle Triassic NM, AZ 1
T Northern Rocky Montana Gp Cretaceous MT 1 Locally some sandstone and
Mountains siltstone
Colorado Gp Cretacecus MT 1 Locally some siltstone
Morrison Jurassic MT 3 Shales, sandstones, and
Sawtooth Jurassic MT 3 limestones
&  Middle Rocky Windriver Eocene WY, MT 3
Mountains Fort Union Eocene WY, MO 3
Lance Cretaceous WY, MT 1
Montana Gp Cretaceous WY, MT 1
Colorede Op Cretaceous WY, MT 1
Morrison Jurassic- WY, MT 3
Cretaceous
9 Southern Rocky Metamorphic granitic Precambrian WY 4 Montana and Colorado Cps may be
Mountains rocks present locally with some
Metamorphic granitic Precambrian co L Tertiary velcanic and minor
‘ rocks amounts of Pennsylvania lime-
Metamorphic granitic Precambrian to NM L stone (sandy or shaly). Some
rocks Cenozoic mixtures of metamorphic rocks
with sands and gravels of
Poision Canyon fm
10 Great Plains Lance Pliocene WY 1
Fort Union Pliocene WY, MT 2
Thermopolis Pliocene WY, MT 1
Montana Gp Cretaceous WY, MT, CO, NM 1
Colorado Gp Cretaceous WY, MT, CO, NM 1
Mowry Cretaceous WY, MT', CO, NM 1
Morrison Cretaceous WY, MT, CO, NM 3
Cgallala Pliocene WY, MT, CO, NM, SD, NE, KS, 3 Generally nonexpansive but bentcnite
oK, T layers are locally present
Wasatch Eocene MT, $D 3
Dockum Triassic €O, NM, TX 3
Permian Red Beds Permian K5, 0K, TX 3
Virgillisn Series Pennsylvanian NE, KS, OK, TX, MO 3
Missourian Series Pennsylvanian K5, OK, TX, M0 3
Desmoniar Series Pennsylvanian KS, OK, TX, M 3
11 Central and Glacial lake deposits Pleistocene ND, SD, MN, IL, IN, OH, MI, 3 Some Paleozoic shales locelly
Eastern NY, VT, MA, NE, IA, K5, present which may exhibit low
Lewlands MC, WI svell
2 Laurentian Uplands Keweenawan Cambrian NY, WI, MI 4 Abundance of glacial material of
Huronian Cambrian NY, WI, MI b varying thickness
Laurentian Ceambriar NY, WI, MI L
i3 Ozark and Cuachita Fayetteville Mississippian AR, OK, MO 3 May contain scme montmorillonite
Chickasaw Creek Mississippian AR, QK, MO 3 in mixed layer form
R Interior Low Plains Meramac Series Mississippian KY 3
Usage Mississipplan KY, TN 3
Kinderhock Mississippian KY, TN 3
Chester Series Mississippian KY, IN 3 Int‘bedded shale, sandstone, &and
Eichmond Joper Crdovician KY, IN 3 liMestone
Maysville Upper Ordovician KY, IN <
Eden Upper Orcdovician KY, IN 3
{Continued)
» o map of physiographic rrovinces, Figure 1.
LY

Numerical map categories correspond As fcllows:

1 - high expansion, 2 - medium expansion, 3 - low expansion, and L - nonexpansive.
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I

Volcanic areas consisting mainly of extruded basalts
and kindred rocks may also contain tuffs and volcanic
ash depcsits which have devitrified and altered to
montmorillonite.

Areas along the glaciated boundary may have such a thin
cover c¢f drift that the expansive character of the
materials under the <drift may predominate.

25



Mineralogy

23. 'Expansive, argillaceous rocks, sediments, and soils gen-

erally owe their -expansive character to <their constituent clay mineral

im-

.

suite , past and present loading history, and to their natursal an
posed agqueous environments, Swelling may alsc be due tc chemical
crocesses acting on certain nonclay minerals which result in the forma-
tion of new minerals of lesser density. The wvclume changes exhibited
by argillaceous materials are related to the interacticns of varicus
intrinsic and external factors of varying intensities acting alone or
in unison upon the gsystem. This section deals witk the effects pro-
duced by the mineral comporents and relationships between the minerals
and the aqueous environment.

Clay mineralogy21_26

2L. The clay minerals comprise a group of hydrous alumino-

-~ 4~

silicate minerals belonging tc the phyllosilicate and double chair,

inosilicate  groups. The mirerals in these groups are characterized

by small grain size, large surface area, anc unbalanced electrical
charges. Structurally, <the vphyllcsilicates are mainly platelike where-
as the 1inosilicates are cubular in shape. The clay minerals that are

of most concern with respect to wveclume change are in the cghyllosilicate

group. The extent to which water is :Imbibed 1s a ZIunction of the struc-

tural configuration, clay mineral size, and water chemistry.

[

25. Structurally, the phyllesilicates ceonsist o three general
Y

configurations which are distinguished by the arrangements c¢f the
aluminum octahedral and silica tetrahedral layers. The alumirnum

octahedral layer or gibbsite layer «consists oI aluminum and/or magnesium

26



ions. in sixfold coordination with hydroxyl or oxygen. The silica
tetrahedral layer has silicoen ions in fourfold coordination with oxygen.
These three configurations may be further subdivided on the basis of
ionic substitutions within both structural layers, e.g., aluminum for
silicon, and iron or magnesium for aluminum. Clay minerals which have
zluminum or trivalent ions in the octahedral layers are termed di-
octahedral, whereas those which contain magnesium or divalent ions are
termed trioctahedral.

26. The clay minerals are classified in the following fashion:

a. Two-layer clays consist of one silica tetrahedral

- layer Dbonded to one aluminum octahedral layer. Kaoli-
nite is the common mineral, in which the octahedral
layer contains mainly aluminum; serpentine consists of
a magnesium-rich octahedral layer.

b. Three-layer «clays have one octahedral layer Dbonded
between two tetrahedral layers; examples c¢f this type

are 1illite, vermiculite, and montmorillonite. The
term montmorillonite, &s used here, indicates the
dioctahedral magnesium bearing 'member of the smectite
group. These minerals may occur as di- or
trioctahedral.

Mixed-layer clays consist of interstratifications

of the two- and three-layer clay minerals previocusly
described. The mixing may be regular or random.
Examples o¢f regular mixing include chlorite, a three-
layer plus octahedral layer repetiticn. Another
common regular mixed-layer <clay is montmecrillonite-
chlerite. The randomly mixed-layer clays consist of
any of many ©possible combinations.

lo

The structural configurations of these three classes of clay minerals
are shown in Figure 7.

27. The small grain size and resulting large surface area are
due to the clay mineral's origin by weathering or diagenetic alteration
of preexisting minerals. In these processes alteration begins at very
small centers or points on the grain surfaces and eventually spreads
throughout the grain. The resultant alteration product may have
crystallographic continuity throughout <the surface but lacks physical
continuity. Thus the size of the clay mineral is inherited from the

size of the initial weathering center.

27



8¢

CATEGORY

2-LAYER CLAY MINERALS

3-LAYER CLAY MINERALS

MIXED-LAYER CLAY
MINERALS:
REGULAR

RANDOM

THI CKN

ESS CONFIGURATION

°
10-15A

OCTAHEDRAL
TETRAHEDRAL

TETRAHEDRAL
OCTAHEDRAL
TETRAHEDRAL

14A

°
26-29A

VARIABLE

OCTAHEDRAL
TETRAHEDRAL
OCTAHEDRAL
TETRAHEDRAL

Ji it

MONTMORILLONITE
CHLORITE
MONTMORILLONITE
CHLORITE

i

MONTMORILLONITE
CHLORITE
CHLORITE
MONTMORILLONITE
MONTMORILLONITE

b

Figure T. Typical structural confiqgurations of

EXAMPLE

KAOLINITE

ILLITE
VERMICULITE
MONTMORILLONITE

CHLORITE

INTERLAYERED MONTMORILLONITE
AND CHLORITE

MIXED-LAYER MONTMORILLONITE
AND CHLORITE

minerals



0

28, Those clay minerzls exhibiting hich wvolume change do s¢
because of electrica. charge characteristics, degree of <crysta-_inity,

and size. Clay minerals possessing 1interna_ly unbalanced electrica:l

charges due to lattice substitutions maintairn el_ectrical balance by
cations located on the surfaces and edges of the minera-s. These
caticns may be easily hydrated and thus affect the development of
doub_e-layer water on the clay., The effects of degree of crystailinity
on swelling may depend upon the particular clay mineral.  Generally,

the effects of size are such that wvolume change 1s increased when clay
mineral size is decreased.

a. Montmorillonite. The c¢lay mineral montmorillonite,
a_though dioctahedral, usually contains some magnesium
substituted for aluminum 1in the octanedral _ayer. This
substitution results in a lattice charge deficiency
which+is ngEtralize§+by the presence o¢f cations such
as Na , Ca , or Mg on interlayer positions. Al-
though these ilons possess 1ionic radil that wou-d permit
occupancy of the space within the hexagonal opening at
the surface of the tetrahedra. layers, the 1ilons are
hydrated ard as a result of increased iloric radil must

occupy space on and above the tetrehedral layers.  Such
a position props adjacent layers apart and permits
access of more water to interlayer positions. Since

the interlayer ions balance charge deficiences in the
octahedral iayer, the ions are weax.y held and thus may
be removed Dy lon exchange. Ordinarily, nmontmorillonite
exists as extremely small particies with dimension on
the order of a few tens of Angstrom units.

b. Vermiculite. A&s a preface to the discussion of the
swel_ing wvermiculites and ch.orites, it shouid be
emphasized that these materials are not the common
exampies of megascopic minerals associated with the
metamorphic rocks, but rather are fine-graired weather-
ing and diagenetic aiteraticn products that have formed
from vpreexisting mica, 1l.ite, <chlorite, anc vermic-
ulite. These fine-grained <chlcrites and vermiculites
possess properties similar to those of montmorilionite,
particularly with respect to swe_ling and cation ex-
change.  The similarities comp_icate minera. identifi-
cation, and 1t is quite likely that swelling chlorites
and vermiculites have been identified as montmoril-
lonites in routine X-ray analyses. Another source of
confusion stems from the fact that these minerals often
occur as  mixed-layer interstratifications with
montmorillonite or other c_ay minerals. The clay
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vermiculites are three-layer <clay minerals exhikiting'
a wide wvariety of physical properties and wvariable

cherical constituencies. Charge deficiencies c¢r ex-
cesses may exist In both tetrazhedrzl and octahedral
layers. The net charge 1s negative and usually

. + +
balanced by interlayer Mg++, Na ', cr K' ions. Alum-
inum may substitute for silicen iIn scme vermiculite,
whereas cther vermiculites contain no tetrahedral

aluminum. The former varieties are more similar to the
coarse-grained vermiculite, whereas the latter resemcle
mortmorillenite. The interlayer «cations are hycdrated

and contrecl the extent to which the mineral expands.

Chlorite. The Zfire-grained chlorize may Dbe considered
a regular mixed-layer 1inters rion of a di- or
trioctahecdral three-layer ¢l cne octahedral-type
layer containing ragnesium. Apparently, the amount

of swelling exhibited by this materizl is dependent
upon the continuity of this octahedral-type layer. As
with vermiculite, the swelling chlorites often occur
in mixed-layer asscciations with octher clay minerals.

Mixed-laver types. Regular &and random mixed-layer
combinaticns o¢f mentworillonite, chlcrize, and vermic-
tlite with other clays may be of importance in con-
tributing to expansiveness. Generzlly, the amount of

expansion would be in proporticn to the amount of
montmerillonite or cther expansive <clay wminerals present
in the mixed layer association. As stated elsewhere, the
amount of montmorillenite present in  the Paleozolc rocks
is usually significantly less thar that in the Mesozcic
and Tertiary rocks; however, this mineral may be present
as a mixed-layer corponent and thus contribute to the
expansiveness of these olcer rocks.

Kaolinite. The <clay nmireral kaclinite exhibits very
mincr interlayer swelling. This 1is explained by the

virtual absence of 1lonic substizuticn in either the
tetra- or octahedrazl layers which results in more or
less complete electrical neutrality and the absence

of compensating caticns. Alsc, the individual two=-
layer structures are more tightly kbtonded together by
the oppcsing electrical charges on the adjacent octa-
and tetrahedral layers. Therefore, <the volume change
exhibited by this minerzl Iis mairnly due to water sorbed
cn the vperiphery c¢I individual grains.

Illite. This three-layer clay mireral also exhibits
very minor interlaver swelling. This results from the

presence of nenhycrated K* ions in interlayer positions
within_+ the hexagonzl openings o¢f <the rtetrahedral layer.
The K' satisfies charge deficiencies residing meainly on
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the tetrahedral _ayer and 1s thus tightly bonded. These
characteristics effectively ©preciude the admissicn cf
significant amounts of water between the unit layers.

C_ay minerai-water interaction 21-23,27

29. The electrical charges exhibited by clay mineral -grains
are caused by the following: (a) charge aceficiencies due to 1cnic
substitution within the lattice, (b) broken bonds at grain edges,

(¢) imperfections within the lattice, and (d) the pciar nature of 1icns
exposed at c.ay surfaces. Thils last cause includes <the regative elec-
trical charge of oxygen in the silicon tetrahedral layer ard a positive
charge due to the hydroxyl portion in the aluminum octahedral ayer.
Lattice imperfections and bproken beonds may produce either a positive

or negative charge, whereas 1lonic substituticn usually results in a
negative charge.

30. The magnitude ard iocation of these electrical charges are
different for the wvarious clay minerals and are fundamenta. 1in ex-
plaining the akility of some minerals to imblbe significantly more
water than others. Water asscciated with the clay minerals ccnsists
0f three types:

Hydroxvl or bound water. This water forms a part of
the octahedral layer and cannot be removed by hneating
at temperatures below L00°C for most clay minerals.

lm

b. Interiaver water. This 1s double-layer water which
occurs between c.ay mineral surfaces in some <clays.
It is gradually removed by heating up to 150-200°C.

Pore water. This water occurs in the open spaces
between ¢rains and a-so constitutes the more tightly
bound dcuble-layer water on grain surfaces. This
water 1s essentially removed by drying 2t room temper-
atures and completely removed by heating at
approximately  100°C.

jo

31. The clay minerals which exhibit appreciabie expansion or
snrinkage are called expansive clay minerals and include }nontmoril-
lonite, vermiculite, chlorite, and mixed-layer combirations of these
minerals with each other or with other clay minerals. Halloysite, the
tubular, hydrous member of the kao_inite group may also exhibit expan-

sive properties. Kaolinite and illite generally do not exhibit volume
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change ¢ ‘'the extent of montmorillonite, wvermiculite, o¢r chlorite and

are called nonswelling clay minerals. Table Z lists some representa-
tive free swell data for the common clay minerals.
32, The distinctions betweern swelling and nonswelling clays ana

between interlayer and pore water are illustrated in Figure 8. The
clay particles are represented in the deflocculated state. The lower
diagram shows a three-layer swelling clay such as vermiculite or mnont-
morillenite with water 1in interlayer and pore areas, while <the upper
diagram shows a nonswelling clay such as dillite with surrounding pore
water.

33. The double-layer water adscrbed betwesen clay layers in
expandable c¢lays and the water adscrped on the surfaces of other clays
possess properties which are somewhat different <from these of the water
in pore spaces. The double-layer water exhibits a certain degree cf
crystallinity which 1s not & property of the pore water. The crystal-
linity is greatest adjacent to the clay mineral itsell and decreases
outward from the mineral surface. The thickness of <the criented water
and whether the decrease in crystallinity is graaual c¢r zbrupt appears
to be dependent vuvgen the nature ¢f the clay mineral and the type
cation present. Montmorillonite exhibics arger thicknesses of
oriented water than the cther c¢lay mirerals. Those cations which en-
hance'the orientation are <+hose whose hydrated cr nonhydrated size can
be accommodated within the water structure, for example, sodium and

lithium fit, whereas calcium and magnesium do not.

Physical Properties

34, Physical prcperties of expansive scils which determine the
behavioral <characteristics of the material have ©een enumerated and
defined in a multitude of publications. In many cases, attempts have
been made to isclate the individual properties and explain the behavier
on the basis of a single property or a combination of single property
contributions. However, in both the laboratcory and £field situaticns,

the actual behavior is a function of combinaticns and interrelationships
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Typical

Table 2

Values of Free Swell for Cormmron

Clay

Minerals (From Reference 22)

Clay Mineral

Scdium montmorillonite
Calcium mgntmorillonite
Vermiculitex*

Chloritex*

Illite

Kaolinite

Halloysite

Mixed layer typet

Free Swell,* %

1400-2000

45-145

-

60-1.20
5-60

70

* Test data based on swell in water of 10 cc of dried,

rial passing No. 30

sieve and retained on the No.

50

crushed mate-
sieve.

¥% Free swell is variable and dependent on size and crystallinity.
T Free swell is variable and dependent on amount cf expandable clay

minerals present.
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Figure 8. Deflocculated clay mineral asscclations showing
surface water (illite) and surface and interlayer water

(montmorillonite)
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among the properties. The following discussions are based on a twofold
categorization c¢f the physical properties in order to point ocut and
explain some of these interrelationships: (1) the 1intrinsic properties
cf the materials which contribute tc or 1influence the actual volume
change and appiy ¢ both _aboratory and in situ materials and (Z) the
properties, or more precisely, the amblent environmenta. conditions
which enhance the probability and magnitude oI expansivity and apply
more to 1in situ materiais.

Intrinsic  properties

35. The intrinsic properties which influence the behavicr of
expansive materials are presented in the following paragraphs. Con-
finement, time, and temperature are not 1intrinsic properties as defined
in the previous paragraph; however, <they are factors which influence
the role of <the intrinsic properties in determining the amount and
rate of volume change in both laboratory and in situ conditions and as
such are discussed under this general zopic.

21,28-43

36. Soil  Compesition, This 1includes the type and

amount of ciay mineral within the soil and the size and specific

surface area of the clay minerals. The type and amount of clay mineral
are the intrinsic factcors which determine whether c¢r not the material
will expand. In other words, the potential Zor volume change rests on
the mineralogic composition; and the remaining intrinsic factors, com-
bined with the ambient environmental conditions, determine the extent
or magnitude of velume change.

37. The size of the clay minerai partic.es 1in expansive mate-
rials affects wvoclume change by controlling the development o¢f double-
layer water on the particle periphery. Generally, smal. particle sizes
resust in large effective surface areas which permit considerable
thicknesses of double-layer water to surround the individual particies.
This is particu.ariy important for c.ay minerals which do not exhibit
interlayer swelling since the expansivity of the materia.s 1is almost
entirely due to sorption of peripheral water. Clay mineral size 1s not
an  independent parameter, but often is a characteristic of the specific

clay mineral. For example, montmorilionite occurs as extremely small
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particles which may ©De <considered collcid. In the <completely dispersed,
deflocculated conditon, sizes on the order of a few unit cells may be
present. Cn the other hand, kaolinite may occur as rather large par-
ticles which may be of & fine silt size. Chrlerite, vermiculite,

illite, and mixed-layer <clays are generally intermediate in size be-
tween montmorillonite and kaolinite. In sumrary, clay mineral size

and specific surface area are inversely proporzional such that surface

area increases with decreasing mineral perticle size from kaolinite <to

mentmerillonite.

. ... 28,b1,53-4 o ‘ ‘

38, Dry density. ? I’LB 9 The dry density 1s an 1mportant
factor in determining the magnitude of wvolume change. The swell or

swelling pressure c¢f an expansive soil increases with Increasing dry den-

sizy for constant moisture ccntent. The reascn, simgly stated, 1is that

N

higher densizies result In <closer vparticle spacing, therefor causing

greater particle, interaction. This particle interaction, or more
precisely, double-layer water interacticn, results in higher osmotic
repulsive forces anc a greater volume change. This holds true Zor both
remolded and undisturbed materials. Another <Important and scmewhat

indirect influence o¢f dry density on volume <change Iis ts interrelaticn-

b

ships with some of the other intrinsic facteors. For example, the dry
density of a material, wvarticularly compacted scils, will influence <the

soll fabric (interparticle arrangement). Details oI the influence have
Lon

ol

been described by Pacey and Seed and Chan anc are depicted in

Figure 9. For a given compaction effcrt anc at low initizl molsture

contents, a less oriented fabric 1is rtained. As the mwcisture content

increases, the scil fabric 1s more orientec.

39,  Scil fabric. 27,3],,33,&1, 150,51 The soil fabric refers to

the crientation or rrangsmernt in space of the constituent particles.
In the case of argillaceous sediments and rocks, the fabric consists
cf the arrangements of <che platelike clay minerals with each other and
with the nonclay compcnents. The type of clay mineral arrangement
present will influence the amcunt and to scme degres  the direction
(lateral or wvertical) of wvolume change exhibited by an expansive mate-

rial. The fabrics exhibited by argillaceous sediments and rocks are

36



LE

PARTICLE ORIENTATION

DRY DENSITY, PCF

100=parallel

75

50

25

O=random

1o

106

102

/ a

4 A :

94

90

4

/

4

12 14 16 18 20 22
MOLDING WATER CONTENT, %

a. BOSTON BLUE CLAY
(FROM REFERENCE 50)

DEGREE OF PARTICLE ORIENTATION

DRY DENSITY, PCF

o
o

|
' PARALLEL i

80

60
rd

20
}RANDOM
0 1
20 22 24 26 28 30 32 4

94

92 /

9
&
90 Vi %

((\
/ \K
>
88 X,

86 /[ \t# \%% —
4 |
gal

20 22 24 26 28 30 32 34 36
MOLDING WATER CONTENT, %

(-

b. COMPACTED SAMPLES OF
KAOLINITE (FROM REFERENCE 51)

Figure 9, Molding water content versus dry density and particle orientation



complex, wvariable, difficult =to observe, and have.not been specifically
categorized in an acceptakble manner. Individual clay mineral ©clatelets
generally occur in either agglcmerated or nonagglcmerated arrangements.
Agglomerated arrangements ccnsist c¢f  independent groups of clatelets
which may be associated in several ways, while nonagglomerated arrange-
ments are void of discernible groups and the fabric is uriform
thrcughout.

L0, The individual clay mineral platelets within either of
these two arrangements may exist as individual units of the smallest
size (dispersed) or as smell booklets of individual units with face-to-
face contacts of the individua units (aggregated). If the dispersed or
aggregated units exist with no vpcints of contact with other units and
are surrounded by double-layer water, the assoclation 1s denoted as
deflocculated. A flocculated association is one in which the dispersed
or aggregated units are ir contact with adiacent units.

42, Generally, sediments and sedimentary rocks exhibit observ-

e

able fabrics which may be categorized with respect to geometry alone

withcut regard to whether Or not the individual units are surrounded by
double-layer water. These fabrics may be either parallel cr ramdom.
The parallel fabric implies that a malority of the clay platelets are

in an aggregated parallel arrangement which 1s usually parallel <o bed-

ding. The random fabric :implies & less oriented arrangement of clay
platelets.
‘ 4,h
42. Pore water properties. 34,40,41,43,52,53 Tre phenomenon of

volume change in expansive soils 1s the direct result' of <the availa-
bility and wvariation in the quantity of water in the scil. Therefore,
the properties of the water will have a =significant Influence on the
expansive  behavior. The wvolume change of expansive soils 1s primarily
due to the hydration of the clay minerals or, more precisely, the ad-
sorpticn of water mclecules to the exterior and interior surfaces of
the clay mineral to balance the inherent change deiiciency of the
particle. The degree of hydration is influenced by <the amount and
type of ilons adscrbed on the particle and the amount anad type of ions

in the pore fluids. Pore fluids containing high concentrations of
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catiéns, i.e., soluble salts, tend to reduce the magnitude c¢f volume
change of an expansive soil. Orn the other hand, pore Zluids with low
icnic concentraticns may actually leach out the'charge balancing cations
and cementing agents and render the soil more susceptible to volume
change.

28,29,31-33,k44,54-59

43, Confinement. The application of a sur-

charge or external load to an expansive material will obviously reduce
the amount of volume change that is likely to occur. In the laboratory
measurement of swelling ©pressure, less than 1 percent deformation of

the testing device may result in large errors in magnitude of the
swelling pressure. For in situ conditions, the presence of a layer of
nonexpansive overburden material may eliminate the propabllity of damage
from the underlying expansive material. It may be noted that confine-
mert has its greatest influence on expansive soils in a stress-related
sense (swelling ©pressure). The greater the confinement, the greater

the stress and the smaller the deformation. Generally, the load applied
Ly a pavement' is far less than that required to maintain minimal de-
formation; therefore, problems with expansive c¢lays 1in highway subgrades
ere more related to deformation.

44, Time¢28,32’33,1”4’55,57_59

change 1is another interrelated property which has its major impact on

The influence of time on volume

the rate at which expansion occurs. The time to the first occurrence
of wvclume change and the rate of expansion are functions of the perme-
ability of the scil and the availability c¢f water. Expansion occurs as
soon as moisture is made availzble and continues until an equilibrium
condition 1is reached with regard to the source of water.or the hydra-
tion of the clay minerals.

54,57,60-62

45, Permeability. As indicated in the previous

discussion on the influence of time on volume change, the permeability
plays an important role 1in the time rate of volume change. The perme-
ability is a function of the 4initial moisture content, dry density, and
soil fabric. For compacted soils, the permeability is greater at the
lower moisture contents and dry densities and decreases to some rela-

tively constant value at about the optimum moisture content. Above

(9%}
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bvious reason

O

optimum, the permeability is essentially constant. The

for thils minimum permeability near the c¢ptimum mcisture

on

t

ent and

(@]

maximum dry density 1s that the wvolds avaiable for moisture moverment
are at a minimum because of the close particle spacing. Above optimum,

the interaction cf the double-layer water &.so mnminimizes cthe voids

necessary for molsture mcvenent. 0r In situ expansive soils, the

permeability 1s normally enhanced Dy such structural discontinuities

as fissures, fractures, and desiccation cracxs.

29,44, 63,64,

46, Temperature. The influence of temperature is

primarily limited to 1ts effect on the wiscosity anc specific gravity
cf the adscrbed water. Increases in temperature tend to depress the
doub_e-_ayer water, whi_e ‘temperature decreases resu.t 1in cdouble-layer
expansion, Of more importance 1is che influence cf temperature on :he
movement of moisture, both vapor and liguid, as & resu.t of thermal
gradients within the soll mass. Wzter wvapcr at 2 higher temperature
will migrate toward & cooler area in an effort tec equa.ize the therma:

energy 1in the system. Ligui
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occurs as a thermcosmotic film ana-cgous to  electrocsmotic flow.

55,58,65-6T .

0
LT, gcructure. The structure of argillaceous sedi-

ments and rocks inc.udes those features or discontinuities which con-
tribute to the nonhomogeneity c¢f <the materla-. Of most cencern with
respect to vo_ume change are fracture zones, fissures, cracks, and
micro- and macrofau:ts. The structural discontinulties may exhibic
varigbie crientations in space and origirate as a result of stress ccon-
ditions which have develcped 1n the natura. sediments or rock mess. The
conditions which contribute to ZIracturing and faulting include desic-
cation, stress release during unloading, and possib.y tectonic loading.

The structures, if not cemented, provide avenues Zor <the Introduction

of moisture irto the expansive soill.  Their occurrence is gerera.ly con-
centrated in the upper _layers within a few feet of the surface. How-

ever, 1f the upper materla. 1is removed, new structures will appear in
the new shallow zones. Thais implies that the discontinuities exiszed
in the lower zone pricr to cverburden removal, but did nct open until
the overburden pressure was reduced. Figure 10 shows X-radiographs

P
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of approximately the upper 6 ft* of Pierre shale ((k) from southeastern

Co_crado. 69,70 The radiographs reveal the extent of fracturing in this
material. Some of the fractures have been filled with gypsum cement
‘denoted GF). The notation FC refers to a fossi: shell.

48. Cementation.56’71'7u Cementation refers to the adhesive

acticn of mineral cements which coat and bond the particulate constitu-
ents together in sedimentary rocks. The presence or absence of these
cements may determine whether a particuiar material sheuld be classified
as a rock or a sediment. It seems logical that materials exhibiting  a
high degree of cementation would possess less expansive properties than
materias lacking cements. The presence of cement produces two effects:
the development c¢f bords between points of contact which decrease the
likeiihood of the disp.acement of adjecent particles and the coating

of individual particles which reduces the ability of the clay minera:is
to imbibe water.

L9, The common cementing agent may elther Dbe crystailine or
amorphous and consists of CaCO3 (ca’cite), iron oxides or hydroxides
(hematite or goethite), and various forms of silica. The degree of
resistance to weathering and strength decreases 1in the order of silice,
iron, and carbonate. The carbonates, Thowever, probably comprise the
most common cement in  sedimentary rocks. Silicecus cements are commonly
associated with bentonites and other rocks which contain montmorillonite
derived from the devitrification of wvolcanic ash. In these cases the
devitrification of the ash produces silica 1in excess of that necessary
to produce montmoriilonite. The excess silica may be removed from the
zone of alteration and redeposited elsewhere in the system by ground-
water, The redeposited siiica produces indurated =zones in the sedimen-
tary sequence.

50. TWhether carbonate cements would enhance or retard the
volume change exhibited in a highway subgrade 1s dependent upon the

elevation of the grade with respect to natural ground surface, and the

¥ A ctable of facters for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 7.
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ambient climatic conditions pecause the carponate ninerals are easily
weathered ir moist climates. The exposure of fresh materizi In a cut
would contribute to the removal c¢f carponate cements and thus increase
the probability of moisture Imbirition and wvclure change.

51. Some argillacecus sedimentary rocks possess a degree of
soundness and induration indicative of cementation, but do not exhikbit
appreciable mineral cements. These have been referred o as compactiocon

.
shales (as opposed to cementaticn shales). The incuration 1s epparently
derived <£from bonds which have developed at contact rvoints Dpetween in-
dividual «clay nmineral particles. These boncs are probably time-related
and have developed by diagenesis (diacenetic ©Dboncs). This chencmencn is
a characteristic co¢f older rocks and occurs during and bpecause ¢f the
recrystallization of the clay mirerals, 1. e., mentmorilleonite altering
te illite. These bonds, as well as the concomitant changes, tend to
decrease the possibility of wvolume charnge in the material.

43,73

52, Diagenetic effects. Long~termpnysical and chemical

alterations of materials as a vresult c¢f changes in overburden conditicns
or groundwater envirorment are generally ctermed diagenetic factors. The
diagenetic factors are generally vreflecrec 1in such phencmena as inter-
particle bonding due <to recrystallizaticn oI the' contacis between clay
minerals wunder high overburder stress conditicns c¢r oy cementaticn cof
particles as a result of precipitaticn of cermenting agents frem the
groundwater. In generzl, the differences iIn Dpehavior of expaﬂsive soils
between <the unaisturbed and remclded states are related to the presence
cf diagenetic bonds.

Envircnmental conditions

53, The envirormmental conditicrns which influence wvcolume change

are presented in the following paragraphs.

30,39,43,45,55,57,59,60,66

5k, Soil profile. The properties of

the soil profile which may enhance or influence wvolume change include
the tctal layer thickness, variations in the <thickness, depth below
ground surface, and the presence of lenses and layers c¢f more vermeakle
materials. Obviously, <the thicker the layer of expansive scil, <the

greater the total poterntial wvolume change providing a scurce of molisture
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is available throughout the layer. Variations in thickness of the layer
will result in variaticns of the magnitudes of volume change, or more
precisely, differential wvolume change., DiIferential expansion,  Just
like differential settlement, is the major pzoblem with regard to dam-
age to structures. The depth of the layer below ground surface may
actually be a positive influence since the deeper the material, the
greater the confinement on the expansive soil. In addition, the deeper
the material, the less likely zthe expansive soil will be affected by
seasonal moisture variations. The presence cf lenses or layers of
higher permeability will provide avenues Zfor the ingression of water.

In fact, a mass of scil which requires that moisture must move from 1its
ex-remities will take much longer to develop 1its total wvolume because as
the moisture is introduced and expansion occurs, the avenues of moisture
transfer are somewhat decreased. Lenses or lavers of more porous mate-
rial within the mass tend to overshadow this advantage since they are =z
relatively continuous source oI moisture.

30,31,39,48,55-57,65,66

55. Depoth of desiccation. The depth of

desiccation 1is important to the magnitude and rate of volume change.

The thickness of <the desiccated layer represents the material im which

a moisture deficiency exists. In addition, the layer normally has a
large number of avenues (desiccation cracks) available for movement of
moisture irto the material. The depth of desiccation is generally de-
fined as <the depth to which a difference exists between the equilibrium
moisture content profile resulting from minimal loss of moisture to the
atmosphere (evapcration) and the ambilent soil moisture content profile
in which the soil stratum is in eguilibrium with its environment
(climate and overburden). In simpler terms, the depth of desiccation
is that depth to which evaporation influences are reflected in the soil
roisture content profile. Generally, the hotter and drier the climate,
the greater the depth of desiccation. Changes in the overburden condi-
tions and the proximity of the groundwater table have an important in-
fluence on the depth of desiccation. To date, no absolute method exists
for defining the wvalue.

30,39,43,55,57,62,75-78

56. Dept of seasona molsture variation.
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This comprises some thickness c¢f the surface materiazl which 1s influenced
by seascnal wvariations in climatic conditions. Az would bpe expected, the
greater depths of seascnal moisture change occur in areas In which the

seasonal climatic changes &re greatest, 1i.e., lcng droughts followed by

excessive rainfalls. Ambient cemperature corditions zlso influence the
decth of seasonal wvariations. During cclder seascns, nmoisture from the

lower, warmer zones will accumulate closer to the surface and dissipate
back to cepths during the warmer seasons. Seasonal moisture wvariations
have beer reported to decths cf 10-12 ft. In  cemperate and semiaric
climatic conditions, the depth ‘s normally between 5 tc 7 ft. Seasonal
moisture variations are relatively «constant for given «climatic condi-
tions; however, the general <:rena is toward accumclation c¢f total mols-
ture content. In other words, =the seasoral variationz will occur within
a2 relatively constant limit while cumulatively increasing the tota
molsture content tc some equilibrium wvalue which is decendent c¢n the
type and physical concition of the expansive material. I- seems

obvious then that the volume change 1s a:.seasonal variaticn function
with the total amcunt being ar accumuiation with tine.

29,30,39,60,61

§7. Vegetative cover. Jegetaticn such as trees,

shrubs, and some grasses are conducive to molsture movement or deple-
tion by transpiraticn. In areas where vegetation is removed and struc-
tures such as pavements are replaced, the mcisture that wzs Deing used

by the wvegetative cover will tend to accumulate beneath the structure

and enhance the volume change. Vegetation with large =root  systems
lccated in close proximity to paverments (i.e., city streets) will re-
sult in differential molsture conditons and thus <differentzial volume

change.

33,61,78,79

58. Surface drainage characteristics.

3]

cdrainage leads to moisture accumulation or ponding which can provide
scurce of moisture Zor expansive subgraces Dy infiltraticn thrcocugh the
verge slopes. Pocor surface drainage is & ZIrequent vprcblem associated
with highways on expansive solls anc cccurs in cut, grade, and uphill
sides of transition sections. The exzent of the infiltration is & ZIunc-

tion of the transverse and longitudinal gradients in the ditches and the
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type Of material in <the section. The prcblem cou.d be eliminated by

(a1

movirg the ditches as far away as possible from the highway and assuring

vroper gradients so that the surface water can be remcved.

29,43 .

59. Modes of moisture transfer. In situ solls are gen-

era_ly considered to be a three-phase system; that Is, scil particles,

(@3

water, and alr. Ir such & system it 1s possibie for water to meve

either 1in the liquid phzse cr vapcr phase, or a ccmdination cf both.

For water to move 1in either phase, there must be a driving force within
the system to provide a mode of transfer. These modes are generally
described as gravity, capi:larity, and chermal gradients. Gravita-
tiona. movement of water 1is primarily limited to the liquic phase 1in
which differential hneads will cause the molsture to seek an equilib-

rium condition. Examples of gravitationa. nmcvement are simple Infiltra-
tion of surface water, lateral seepace from availzble sources, and the
upward mevement of the groundwater tab.e. Transfer of water by capil-
larity is again primarily limited <to the licuid phase. The nature of
clay soils, which possess extremely fine pore openirgs, and the surface
tension effects of water combine to imbibe moisture from the greound-
water level. The zone of capi.lary rise 1is the _ayer of material di-
rectly above the submerged material within the influence of the ground-
wazer table and can extend upward from the groundwater table for consid-
erable distances depending on the effective pore sizes of the scil. If
pavements are constructed within this zone c¢f capillary rise, then a
cortinuous source of water is avai.able to the expansive subgrade.
Moisture transfer as a result of thermal qgracdients 1s ezpplicabie to

both the liguid and vapor phases, with the vapor phase predominant.

The placement of & structure cver an expansive sol. will alter ZIts
ambient  temperature conditions, generally decreasing the subgrade tem-
perature. Water vapor at & higher temperature in the surrounding area
will migrate to the cooler area in an effert to equalize the thermal
energies of the system. As the vapor moves into the cooler area, it
wi_l condense and form a source of free water. This is the basis of
hydrogenesis as described by Brakey. 80,81 The movement of liquid water
by thermal gradients cccurs as a thermoosmotic film ard 1s similar in
nature to electroosmotic flow.
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29,30,39,43,54,55,57,60

60. Sources of water Jescripticns  cof
the modes of moisture ctransfer In raragraph 59 discussed some of the
pcssible socurces of water which cause vclume change. InZzltration of
rainfall through the pavement proper (i.e., vorous material <¢r cracks)
or through the wverge slopes is the vrimary scurce cf free water. This
is evident from the fact <that seasonal rmcisture wvariations are directly
dependent on the frequency and amcunt of rainfall. Lateral o¢r wvertical
migration of moisture Zfrom sources such as the grourndwater table is
another vossible source of Zree water, These are <the nraturally oc-
curring scurces of water; however, variations can be caused Ly man
through such activities as irrigaticn, which could influence'surface in-
filtration and groundwater cconditicns. Faulty or leaking subsurface
utilities (.e., water or sewage) could adversely affect ambient mcis-

ure condizions. Impoundment of reservoirs coulcd have profounc effects
on groundwater conditicns.
Physicochemical ©Properties

61. Important physicochemical properties which influence the
behavicral characteristics o¢f exgansive scils include the Zlonic environ-
ment (ilons adscorbed on the clay minerals and present in the pore wazer)
and the exchange capacities ¢f <the clay minerzls. Influence oI icnic
concentrations in the vpcre water were discussed in paragreph <42,
Adsorped ions.2l’27’3u’ho’u3’52

62, The adsorbed cations on clay minerals Influence the degree
cZ wvolume change through their yaration properties. The cations
attach themselves tc <the clay particles as a result oI the charge de-
ficiency of the particles. In the presence of water, the ZIons hydrate
and increase 1in size. Commor ions, in order of increasing ionic radii,

, . . , ] ++ + +
which can be adsorbed on clay mirerals are Na , Ca , Mg , and K . The
smaller the ioni radius, the greater the amount of hydraticn the
icn undergoes and thus the greater the vclume change that i1s likely =o
occur. Hence, the <fact that scdivm-montmorillonites will undergo a
greater volume change thar calcium-montmorillonites.
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' . 21,27,34,50
Cationexchange capacilty

63. The cation exchange capacity (CEC) 1is & measure of the
adsorption characteristics c¢f clay minerals and is an indicator of the
type and amount of free cations that are adsorbed on the swelling be-
havior of expansive clays. The CEC Is usually defined as the total

emount of exchangeable cations a soil is capacle oI adsorbing, expressed

in milliequivalents per 100 grams of soil. Researchers have found that
all clay soils possess a CEC value. Several factors result in varia-
tions of the CEC of a given scil: wparticle size, temperature, avalila-

bility and concentrations of ions in sclution, clay mineral structure,
and iscmorphic  stbstitution.

64, In gereral, there are three ma‘or causes for cation ex-
change c¢f clay minerals: (a) broken bonds around <the edges of the clay
minerzl, (b) substizution within the lattice structure of the clay
mineral, and (¢) replacement of the hydrogen of exposed hydroxyls by
cations which may ©Dbe exchangeable. Some representative CEC values Zor
various c¢lay minerals are presented in Takle 3. In general, the ex-

pansive properties of clay minerals increase with 1increasing CEC.

Microscale Mechanisms

65. The develcpment of an understanding of the microscale
mecharisms is somewhat hampered by the lack of an adeguate description
of the mechanisms and the role they rvlay in meking an expansive clay
::expansive.” The mechanisms listed in Table 4 are those which have
been described in the 1literature. These should not pe confused with the
physical factors rpreviously described which influence cthe magnitude nd
rate of volume change.

66-Throughout the literature these mechanisms have been given
varying degrees of responsibility for <the causes of expansivity.
Actually, with & reascnable knowledge of <the clay-water system, 1t 1is
rard to imagine anything other than a combination of <the mechanisms
being responsible for wvolume change. The probler 1is determining the

contribution of each mechanism toward the total phenomenon. The



Teple 3

Cation Exchange Capacities of Clay Minerzals

(From  Reference 21)

Clay Mireral Milliequivaiz;ts per 100
Kaolirize X-TF
Halloysite, 2 HgO 5-20
Montmorillonize £0-150
Illite _0-47
Vermiculite 1CC~120
Chlorite _0-47
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Table &4

Natural Microscale Mechanisms Causing Volume

Fxplanation

0s

Pressure gradients developed 1in the double-layer
water due to variations in the lionic concentra-
tion in the double layer. The greatest concen-
tration occurs near the clay particle and decreases
outward to the boundary of the double layer

Volume Change

The double-layer boundary acts osmotic mem-

the double-

interacting double

Clay particles possess a net negative charge on thelr

surfaces and edges which result in attractive
forces for wvarious cations and in particular for

dipolar molecules such as water. This mekes up the

major "holding" force for the double-layer water

The physical hydration of cations substituted into
attached to the clay particle

Secorndary valence forces arising from the interlock-
ing of electrical fields of molecule associated
with movements of electrons in their orbits. The
phenomenon frequerts molecules 1in which the elec-
tron shells are nrot completely ﬂilled

Movement of water into a mass of clay particles re-
sulting from surface tension effects of water and
alr mixtures in the pores of the clay mass. Com-
pressive forces are applied to the clay particles
by the menisci of the water 1in the pores

A readjustment of clay particles due to some change
in the diagenetic factors

the cations

interlocking

for molecules

compressive

from particle reorientation



gererzl Inference of the literature 18 that the majcr czorzion of the
volume change is attriputakle (0 four ¢f the six mechanisms: csmetic
repulsion, clay particle attracticn, cation hydrazion, and capillary
imbibition. The remaining twe mechanisms are recognized tc be present
but are of a lesser consequence and somewhat mere difficult to explain

chysically. The influences of the four maZor mechanisms are generally

combired ana described zs the tozel soil sucticn, a term taken from the

soil physicist. Toctal scil suction 1is the sum c¢f the osmotic suction
anc matrix suction. Quantitatively, the osmeotic suction includes the

csmotic repulsion mechanism ana matrix sucticn, the remaining three
major  mechanisms. The ragnitude and rate of vclume change of expansive
clays may Dbe estimated <from the magnitude and rate of change of soil
suction as indicated by moisture diffusion theories wusing specified
field conditicns and scil suction-void ratio-water content relation-
ships. In light of this apility to estimate <the magnitude and rate of
vclume change, a considerable effort has been expended to develop
instrumentation to meastre total soil suction and its independent com-
ponents. This approach, measurement c¢f soil sucticn ard correlation

vith  the wvarious influencing factors, appears to hold promise for veri-

fying <the microscale mechanisms. The <esting crocedures for inde-

vendently measuring total, ocsmotic, and matric suction are relatively
simple and straightforward. Once the soil suction cormponents and the
physical and physicochemical properties have been evaluated, the pos-

sibility exists for developing a Dbetter understanding of the inter-
relationships between the mechanisms causing volume change and the

physical parameters influencing volime change.
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SAMPLING, JDENTIFICATICN, AND TESTING OF E=ZXPANSIVE SOILS

67. Expansive solls are distinguishable from other soils by their
apility to swell from imbibition of meoisture with resulting volume
charge. An acceptable approach tc evaluate the bpehavior of expansive
scil subgrades irvolves a subsurface soil Investigation of the route,
identification of the potentially expansive soils, and estimation of
the in situ volume change behavior of the expansive solls. Based on
this information a suitable and economical soil treatment and pavement
design can be selected. The subsurface scil investigation will define
the physical 1limits of <the materials and the relative wvulnerability of
the solls for volume change with respect to ampient conditions, ancd will
provide soil samples for laboratcry testing. Idenzificatiorn of the ex-
pansive soils will indicate the scil strata that possess the highest
pctential for volume change. Soil samples from these strata may be
selected for laboratory tests from which data can'be collected to de-
scribe the in situ volume change behavior of the expansive soils and
form the basis for the best possible designs based on current technology.

68. The nature of volume change beneath pavements in the verti-
cal directicn often <takes the form of &z general upward movement be-
ginning shortly after the start of construction and continuing until
an equilibrium subgrade moisture condition 1s achieved. Cyclic
expansion-contractions of the subgrade soils usually occur at cthe
perimeter of pavements which are related to the rainfall and evapo-
transpiration. Local expansion may also occur Zrem ponding and poor
drainage. Cuts in highway sections may lead tc local heaving due to
removal of surcharge pressure and subseguent increase in the noisture
deficiency of the subgrade soils.

69, The amount and rate of volume change that actually accumu-
lates in an expansive foundation =so0il is a complex function of many fac-
tors that have previously been discussed. Therefore, tc make an accurate
estimate of the in situ behavior, some consideration should be given <o
as many of the influencing factors as possikble, both technological and

economical. The economic factors are variable from location to location
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and are outside the scope of this effort. The technological aspect

ct
w

will be discussed in succeecing secticns based on the current stat

@
O
th

the arz.

T0. Numerous procedures have been developed Zfor identifying and

3

predicting wvolume change or vertical heave Zor conditiors that account

for scme c¢f the £field-related Zactors. Identificaticn  procedures  are
usually concerned with maximum potential swell based on composition for
some known soil structure and loading conditions. ’rocedures Ior guanti-
fying heave <usually attempt to sirulete important in sit: condizicns and
ften require swell data from scme type of cne-dimensicnal censclidatieon

swell test.

Sampling Techniques

Tl. The sampling of scils in general is for the curpcse of de-
lineating the horizontal and wvertical boundaries o¢f <the specific elements
of a given profile and to provide laboratcry specimens ZIrom which such
data as classification, strength, consclidation, or cther vertinent prop-
erties, can Dbe determined. For & given project, good exploratcry in-
formation can bpe compined with experience and engineering judgment to
give an overview of the behavicr of the structure on its foundation.
For the design of highways in expansive scil areas, the judicicus
good explecration and sampling techniques is  extremely impcrtant.

T2. Zxploration 1in and sarcling of expansive materizls is par-

cticularly dimportant becaus

[¢2)

cf <the nature of the materials involved.
Expansive soils wvary from medium to firm materials, such as the Prairie
Terrace feormations of Louisiana, to wvery hard rock materials, such as
the Pierre or Mancos shales of the Northern and Centrel Plains areas.
Ccmplementary to the varying cdegrees of firmness are large variations of
in situ moisture content, 1.e., from less than Spercent for some cf

the shale materials to near or above the plastic limit for some of the

softer mazerials. Finally, such structural discontinuities as fissures,
slickensices, and bedding planes can make sample recovery a near imgos-
sirle task. With such a wvariety of field-relazed problems and the
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ever-oresent requirement for minimal disturbance, it is cbvious that
a variety of samplirg technigues must be availapie to tne engineer £o
chtain good uncisturbed samp_es.

73. The applicaticn of currently available sampling techniques
is dependent on the variables discussed in the previous paragzaph &s
we'l as the type of tests that are planned. For simply delineating the
supsurface  conditions, c.assification testing (i.e., specific gravity,
grain-size distribution, Atterberc limits) and for physicochemical test-
irg, auger bcrings can preovide the rnecessary tyve and amount of sampuie.
For compacticn tests and test methods for defining effects of soil sta-
pilizers which require larger sample quantities, large borings or pit
sampies car provide the required amount. Thus far, <the ciscussion has
been limited to tests which require disturbed samples. For tests such
zs conso_idation (inc_uding swe.. and swell ovressure) and strength un-
disturbed samples are reguired.

82,83

Undisturbed sampilng  technigues

Th, Urndisturbed sampiing zechniques generally wused 1n expansive
ciays and shales include push-tube and rctary core parrel samp.ers.
push-tube samplers ‘consist of thin-walled, seamless, stainless steel
tubes (2.0-5.0 in. ID) that are advanced into the soil by hydraulic or
falling welght systems. Variations of <he push-tube samp.ers 1invo.ve
the use of pistons within the sampling tupe to take zavantage of the
vacuum created during samp.ing. The simplest form of push-tube does not
have a piston; instead, the driving head 1is affixed to the sampling tube
and has a pressure release valve (ball type) to bleed off the compressed
air and to close and form a vacuum on the sample curing withdrawa. of
the sampler. A second veriaticn 1is the free piston or semifixed piston
push-tube sampler in which the piston 1is held at the _aower end of the
sampling tube during irsertiorn of the sanmpler and :llowed to rest or the

samp_.e during the push. In this way, cthe vacuum 1s agair used on.y

ej

during the withdrawal of the sampler. The third variation 1s the fixed-
Piston push-tube sampler in which the piston 1is connected or fixed to
1

the dril: rig during the push and the vacuum assists during the pushing

of the sampier as well as during the withdrawal. push-tube samplers
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are best suilted for medium-stif

els or small rocks which could
75. Rotary core barrel
parrel c¢r single-parrel. The
Pitcher, or WES samplers, consists
tc advance the sampler and an
trim and contain the sample.
simply a core barrel with a cu
to advance and contain the sample. The cuble-barrel sarmplers are Dbest
suited for hard ' soils and soils containing gravel. Single-barrel sam-

plers are best suited to sampling reck.
c¢isturbance
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sealer material of the highest quality available. When recuired, 1t is
generally recommended that samples of expansive soils be stored under
conditions similar to the in situ environmert. However, informaticn on
~he effects of storing samples of expans.ve soii. prior to testing 1is

extremely limited and requires further clarificatzon.

Laboratory Identification and Testing Technigues

78. The purpose of identification and testing of expansive scils
is to qualitatively and guantitatively aescribe the wvclume change be-
havior of the soils. The obvious need for gualitative identification 1is
to forewarn the engineer during the planning stages of <the potential fer
volure change and tc generally classiZy the potential with regard to the
probable  severity. Quantitative <ctesting is necessary to obtain measur-
able vproperties Zfor predicting or estimating the magnitucde of vclume
change the material will experience in order to ascertain apprcximate
treatment and/or design alternatives. With this in mind, a threefold
categorizaticn of identification and testing <technicues 1is possible.

a. Indirect technigues 1irn which one or more of the related
intrinsic rproperties are measured and complemented with
experience to vprovide indicators of potential volume
charge. These may be grouped according to soil composi-
tion; physicochemical, physical, and index ovroperties;
and currently used soil «classification systems.

L., Direct techniques which involve actual measurement
of wvolume change 1in an odometer-type <testing apparatus.
These are gererally grouped into swell or swell pressure
tests depending on the need for deformation or stress-—
related data.

C- Combination <technigues in which data Zfrom the indirect
and direct techniques are correlated either directly or
by statistical reduction to <develop general classifica-
tions with regard to ovrobable severity.

79. The follewing discussions are an attempt to define the tech-
nicues published in the literature with regard to the categories pre-
viously described. As would be expected, the available techniques are
quite varied and numercus, and in some cases categorical delineation

may be sublective.
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Indirect techniques

80. Discussion irn earlier secticns of the recort indicated a
large number of intrinsic properties and ambient conditzions which in-
fluence wvolume change. Hence, the wvariety o¢f indirect <zechrniques for
qualifying potential wvolume chancge 1s -ust as numerous and varied.

Table 5defines and describes a majority cf the published techniques.

81. &n indicaticn of the votentially expansive nature of earch
raterials may be deduced in the field bv examination of exposures cof the
material ancé by simple field tests. The outcrop appeara

expansive materials is usually quite distinctive after desiccation. The

surfaces exhibit polygonal shrinkage areas and cracking which reflec:

b

[}

the vpercentage of cla and cssibly  the resence o0f expandzble clay
f Y

8

minerals., The size of the polygons is also Indicative in that the
smaller the vpolygons, the higher <the amcunt of clay. The extreme case

of a material composed of sccdium-montmorillonize restults in a2 desicca-

£

tior surface which possesses the size and texture of popcorn. This

"popcorn" texture is commen on outcrops of bentonite and other rocks
rich in montmorillon:ite.

82. The reaction of & presumed expansive material with water may
alsc be informative. The extent ¢ which <the material slakes, disinte-
grates, and 1s dispersed in water gives some iIndicaticn of Its thirst
for water and also its cementaticn. Materials which slake imrediately
upon the introduction o¢f water and which, whern stirred, Dbeccme almos:z
completely dispersed, may be highly expandable. Again, sodium~
montmorillonite slakes readily and 1is easily dispersed.

83. The accurate identificatiocn and study of clay minerals and

their expandable properties must be accemplished in the laboratory The

commen  techniques wused are relatively routine and are describea in

Table 5. Many vprivate and governmental organizaetions have the personnel
and equipment to vperform these identificaticn a
most important technique 1s X-ray diffraction (XRD). Tnis method 1is
relatively fast, uses small amounts of material, permits accurate
identification, and may provide a semiguantizative estimation of the

amount of expandable clay minerals present,



Indirec: Technigues  fur

ddentification/Classification of

Table =

Lxpansive  Soils

indicats:y Group Property andier Metnod Reference

Descrintion

Soil composition Clay  mineralogy by 79. 8L-89
X-ray fraction
Clay mineralogy by 79, 89, 90
differentia, thermal
analysis (DTA)
Clay mineralogy by 89
mifrared radiation
Clay mineraiogy by 89, 51
dve adsorption
Clay mineralogy by 9z, 93, 9b
dieleciric dis
persicn
: . . 4 !
Frysicochemical Cation  exchange 34, 40,41,
rapacily 22

Exchangeable cations

Colloidal contert
from  hydrometer

anglysis

Specific surface area 29. 24, 33

'
of clay particles ic
Souil fabric bv elec- 51, 8o, 96,
tron  aleroscopy En
Structure by X £8, 68

radiography

‘ndex properties Atterberg limits
Lire: shinkage .
Lirear inxage 134-116
Sadloelasaitfication  AATHD 137
sen 118-1e2

Pedojogical
15

Measure  of diffraction characterstics of  clay
exposed 1o xaadianion. Provedure
semigquantitative  identificatic
based o steactural

minerals  when
permits qualitative  and
©of  clay mineral  componenis
diffcrences  between  the  clay  minerals.

Solvation techuigues identdv expansive  clay minerals
identifications s based upon exothermic and endothermic

cactions  which  occur  at particular
A reaction and temperature are

Pleaning tates, gratn sive, and
NINEN Nulticompanent

terperatures,  The type
functisns  of  mineralogy.
sample  size  influence  re-
samples  are  difficcle o analvze

Measure  of  selecive
hydroxyls in ¢
conclusive

absorption  of infrared  radlaton by
Vvovinerals Halr indicater. but not

adsorption dif-
voominerais curacy
s present

Qualitative  indicaicr based  on
ferent tvpes oobdves by
decreases i more than ane

selective
different ¢
miner

Measute  of  the  radicfrequency electric
water  svstenis. Dispersion s the
Iric constant ar  two o {requencies
and wnoent of  clav
suxtures ol different

the  soil

properties
measure  of - the
Good indicatsr tvpe
minerais. Some problems evolve when

expandable minerals are  present  in

Measure of  the ion adsorprion  preperties  of  clay  minerals
CEC increases from a minimun for keolinite 10 a maximum
for montmorillenite, Good indicator of  hydration  prop-
erties  of Gy minerals

Measure of the tvpe of cations adsorbed on
erals. Does not  directly relate
rather 1o the expected  degree of

the clay min-
swel,  potentia:  but
swell  from jon  hydration

Measure  of  perrent by diy
than T omicn in size
reference e ype of

weight - basis  of
[ndicator of
minerai,  Not

particles  less
amount  of clay bur no
conclusive

asure of  available  clay  mineral  surface  area fou
Fair indicator of anount of clay mineral w0 some ex-
tent the tvpe. since mentmorillonite minerals are vety
fine and result in large specitic surface areas for given
tiples

hydration

No direct measure  of  swe
studies  of  the influence

potential.  Primavily  used o
soil - fabric on volume  change

Gaod for determining  the  exient of cracks  and  fractures  of

andisturbed  materials  which  will o influence moisture
TIOVETNENT Nedirect measure of  oswell parential

Measures  of  the
cohesive soils

plasticity and  shrinkage characteristics  of
liguid Cirsit {LL) and  plastic  index

(1 correlate reasonably well  with swell  potential  pri-
marily because  there are good  correlations  between  them
and the type and ameunt of clay minerals present.  For
shrinkage hmit and  shrinkage index (LL-8L) the property
of  voime  reduction s correlazed  with o oswell  potential
similarities  between  the  phenomiena. Some  of
the  publisied classifications based  on Atterberg  limits
al'e

because ol

Reference
Degree of Sh
xpansion _PI 1 n

Reference 113
Shrinkage

Reference (02
Index 11

Medm

High 50-70

Very high T0-90

Extra high - - >90
Measure  of shrinkage from & given moisture content Reason:

ably pgoog indication of swell porential

A5 and A7 and borderline soils o A4 AG and AT gen-
erally  have  high o swell potentials
ciassification  system in
by expansive  soils

which  the vertigel

oreer
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Bk, For initial, routine recornaissance testing, three XRD

analyses are recommended. These analyses Include:

a. Bulk semple. The XRD anelysis oI <the bulk samcle iden-
tifies <che overall composition and 1s & basis for esti-
mating the relative amcunt of clay mirerals present in
the sample. This wusually does not allow fcr very pre-
cise identification of individual clay wmireral types.

D. Sedimented-oriented clay-size fraction (¢ nmicrometers).
This provides for nrwore cetailed identificaticn cf the
clay mineral components but may nct detect montmorillo-
nite in the presence c¢f wvermiculite or chlorite.

c. Sclvated, sedirented-criented clay-size fracticn. The
adaition of a vpclar, organic alcchol such 25 ethylene
glycol or glycercl to the sedimented clay will expand
the structural lattices of montmeorillcnite and expan-
sive chlorites and wvermiculites and thus vpermit the
identificaticn o©f these minerals Cther  Zechnicues
such as heating must ised :stinguish between
mentmerillionite, X : cr  expandable
chlorites if these latter tw Y are %t in a mixed-
layer combinaticn.

8s. Generally, after these initial znalyses have been nmade,

supseguent samgles from the same formaticn or area may be studied by
¥RD of <the =solvated sample zlone.

86. The rmost widely used indicator group for identification/
classification of expansive soils 1s the index vcreorerzy greouo. I= inm-
volves properties that are routinely determined by most agencies, and
experience has shown that the wvolume change behavicr correlates reason-
ably well with liquid limit, plasticity index, and shrinkage limit. In
most state highway agencies, a combination cf cbserved Atterperg limits
and pricr experience with materials within & given area are the primary
identification methods wused fcor expansive scils., For examcle, in
Louisiana 1if the liquid 1limit is bkelow 50, the resulting distress from
expansive soils will Dbe minimal and no specizl <treatment Iz reguired.

If the ligquid limit is betweern 50 and 70, <then scrme type of treatment,

usually lime, 1s deemed necessary. If the liquic limit Is above 790,

then the material 1s discarded for use in Ifills, Other state highway

agencies rely on plasticity irdex; <fcr example, in Kansas if the plas-
3

ticity index 1s below 15, then minimal problems are anticipated. If
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the plasticity index is between 15 and 35, mccerate prooblems are ex-
pected and some minimal treatment is considered. IZ the plasticity
index is greater than 35, the material must be treated to minimize the
problem or cGiscarced. The South Dakota Department of Transportation has
correlated Atterberg limits (liguid limits) with the BSo0il Conservation--
Service Pedological Soil Surveys and developed a mep showing the ais-
“ribution of soils within specified limits of the liquid limit and use
this as an incicator of potential wvolume change.

87. In summary, it is evidert from the literature that only a
few of <the indirect technigues are capaple of general application for
the recognition of the potential volume change of expansive solls. Sev-
eral procedures are availeble for defining the clay mineral constituents
and thus a reasonable indication cf swell potential. The Index proper-
ties have shown reasonable correiations with swell potential; however,
generzl applicetion 1s somewhat hindered by the relative degrees cf
volume change from one area <to another. Ir other words, the swell
potential in one area defined by a given range of 1index properties may
cause minimal problems, while the same limit may incicate serious prob-
lems 1n another ares. This points to the pcssible need for identifica-
~ion techniques for physiographic areas in which <the mechanisms of
volume change are basically similar and the wvariations in ambient en-
vironmental ccnditions are minimal.

Direct technicues

(8. The direct technigues 1include all those methods which quan-
titatively assess the wvolume change characteristics of expansive scils.
In <their basic forms, the measured volume change characteristics are
swell anc swelling pressure. The applied loads and structural rigidity
generally determine which of the characteristics (deformation c¢r stress)
control the design of a specific structure. The measurement cof these
characteristics is accomplished by the use of odometer-type testing
procedures. If the defcrmation (swell) <characteristics are required,
the specimen on which the information is desired 1s loaded to some seat-
ing locad or some surcharge pressure determined by experlence or related

tc  overburdened conditions, then inundated and allowed to swell to
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equilibriun, The ratic of ceformazion to original height is cefined as
the percent swell. If the'stress characteristics (swelling 'pressure)

are required, the specimen 1s loaded to scme seating load c¢r predeter-
mined surcharge pressure, then inurndated ernd a load applied to maintain

a constant volume. This lced defines the swelling pressure. An alter-
nate procedure that has been used for defining swelling crressure is to
allow the specimen to swell, then apply enough load tc return the speci-
men to 1its corigiral height. The combination <c¢f these Dpasic variables
(testing method) with the factors which influence <the labcratory measure-
ment c¢f wvolume change have made <the stancardization of <testing procedures
somewhat complicated. Table 6defines and describes scme of the various
published procedures in which the swell and swelling pressure of bcth
undisturbed and remclded soils have Deen neasured.
89. Krazynsk: bh has defined and described the laboratory related

variables which influence <the measurement of wvolume change as:

a. Initial mcisture content.

k. Initial dry density.

€. Soil <Zabric.

d. Surcharge load.

g. Solutioen characteristics.

L Time allowed for swell.

g+ Curing ctime for remclded samples.

h. Stress history (loading seguence).

1. Sample size anc shape.

J. Temperature.
It is his opinion that a reliable and reproduciktle test, for the direc:
measurement of volume change should standardize at least eight of the
tern variables. Loading sequence and temperature are not necessary be-
cause, as describec 1in the ovrevicus vparagraph, the lcading seguence can
determine which basic characteristic i being measured, and the varia-
tion in laboratory temperatures are usually minimal. Ideglly, a stan-
dard methcd should consider each o¢f the above Zactors as well as simu-
late the expected loading conditions =chat the structure will wundergo.
To date, no reliable preocedure has Dbeen develecped to adeguately simulate
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the ambiert envirecnmentzl cenditions which Influence wolume change.

90, The measured swe.. and swe_lirg opressures using conventicnal
technigques are genera__y conservatilve pecause c¢f The methed Dby which
water 1s nade avai-able to the specimen. 1T I3 alghly unliikely that <the
in situ scil'mass would have a sufficlent scurce of water 0 completely
saturate the soill and satisfy <the soil's "thirst" for water (lmmediately,

91. Since highway subgrade loacing conditicrs are minimal, the
swe._ rather <than the sweli_ing pressure is the controlling characteris-
tic. Some state hichway agencles use some form ¢f cdometer swell test
with a minimal surcharge to defire the wclume change of expansive soils,

General_y, the data are used to cuantitatively

LI 39

o0r the determination of appropriate treatment technigues and L1s  se’dom
used directly 1in the desigr of pavement,

92, The time ra:e129’l38_lhl of development cof wolume change is
¢ factor which current ctesting procedures are ngt capab.e of defining
Or simu_ating. Estimates are genera.ly made Dby using consclidaticn
theory and are somewhat questioneb_e. Recent advances have peen made
through the wuse of <finite difference and finite element"' ctechnigues
and zapplying diffusicn theory ¢ the problem. These technlizues  appear
promising; however, further experience wi_l e required ¢ substantiate
thelr accuracy.

Ccmbination technigues

93, Combination technigues irvc.ve the c¢orre_aticn of  indirect
and clrect techniques 0 provide better «classiiication groups with
regard to severity of volume crangs and develop guantitative estimation
techniques <fcr vultimate volume change.  Commenly used correlation  paranm-
eters include Atterberg limits (liguid limit, plastic index, shrinkage
_imit), colloida. content, activity, ar ol 1
from odometer-type tests under wvarious _oading conditlions. Generally
the techrniques result In & categorizaticn of the relative severity of
vo_ume change; however, in some cases prediction ecuations are obtalrec
from sasa comparison of measured properzies. The fillcwing
paragraphs present some of the more wide.v puplished <echnigues with

brief descriptiors of theilr appiicaticn.

63



28

9L, 3Bureau of Reclamaticn method. This wmwethca involves the

direct correlation of cbserved volurwe change with colloidal content,
plastic index, and shrinkage limit. The measured volume change Is taken
frorm odometer swell tests using 1 psi surcharge pressiures from air-dry
to saturation. The degree of expansion and limits of correlated vroper-

ties are shown in the following tabulation:

Date from Inadex Tests Probarle
Colloid Content PI SL Expansion Degree cf
%=1 um % % % EXDansion
<15 <18 >15 <10 Low
13-23 15-28 10-16 23-20 Medium
20-32 25-42 7-12 20-30 Figh
>28 >35 <11 >30 Very high

Zxperience has shown zthat this method correlates reasonably well with
expected behavior and provides a good indicator cf potential volume
change. The major criticisms of the method are <that the colloidal
content indicates amount but not the type c¢f clay constituents and that
the hydrometer test 1s not a routine test iIn many agency laboratories.

. 112 ‘ :
55, Altmeyer method. In & discussion to Holtz's paper pre-

senting the USBR method, Altmeyer Dbrought out the malor criticisms to
the method and suggested a methed based on correlations between percent
swell and the shrinkege limit and linear shrinkage. The percent swell
is determined in an odometer test on compacted samples (90% standard
BASETO T-99 density) under 650-psf surcharge. The results of his reconm-

mendations are tabulated as fclleows:

Linear Shrinkage Probable
Shrinkage Limit Swell Degree of
5 % % Expansion
<5 >12 <Q0.5 Nencritical
5=8 10-12 0.5-1.5 Marginal
>8 <10 >1.5 Criticel

One minor criticism to +this method Zie¢ its lack of application to in situ

pehavior since the data were collected on remclded samples.

. . 06,142
96. Seed, Woodward, and Lundgren method. o The swell poten-

tial of an expansive soil 1is defined from correlations of percent swell

from odcmeter tests wusing laboratory prepared and compacted samples
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(rzximum  dry density and cptimum

l-psi surcharge with

meisture  content, AASHTC T-9%)  under
size (-2um) and soil activity., A sta--

tistical relationship 1s defired Zfor swe_l pctential In cerms of c_ay
content and activity and corpared with measured velume change,  USIng
appropriate charts, <the swell pctential may be categorized as follows:

0-1.5
Z.5-%
5-28
>25
Experience has shown Zfalr results

criticism of the nmethod 1s

Jery  hign
" L N
Wit regarc to o actua.  conaltlons. une
- - ~ oA .- - . - -
~he wvclume change wes measured on  samp-es

precared from commercia: grade <c.ay minerals and may not  sufficlently
represent in situ material behavior ©recause oI the varied cemposition of
mest  solle

47 PVC (Federa. Housing Adminlstration). -42 The petential

volume change (PVC) c¢f 2 materla. is Dpased on a field testing device
(°VC mezer) developed Zfor the FEA in which <he swelling index (swelling
pressure under 200-psf surcharce at the end of 2 hr) 1s gdefinec ard cor-
re_ated with the PYC rating. The degree of expansion re_ated to FBVC
ratirg 1is:
DVC  Rating

0-2

2=k

L=6

>6
The method has not been widely accepzed because of some of the irherent
inconsistencies in  the testing preccedure and the scmewhal empiricas
testing system.

68. ladd and Lambe method.;02 n an effcrt o increase the
appricability of the PVC method, addlticnal corre.aticns were mace be-
tween the percent swell under 200-psf surcharge (rather <than swe__ing
pressure) and the plasticlty index, mclsture content at  LL0 percent
humidity, and the wvolume change occurring between the fleld molsture



and the

ecuivalent shrirkage Llimiz. Using these parameters, a combired
PVC rating was determined and the resulting degree of expansion cate-
gories are as fo__ows:
pPVC Degree of
(Combined) Expansich
<2 Noncritica:
o) Marginal
3-6 Critical
>6 Very critical
One apparent shortcoming is that the sample must be run in the PVC
meter; <therefcre, the additional vparameters are nct advantagecus. -2
fact, the methcd 1s scmewhat more complicated because cf the extra data
required.
1 105 - < Lo - .
99. Chen nmethod. “n an effort to simplify the USBR method
(i.e., eliminate the need for hydrometer analysis) and to provide scme
reiative measure of soil density, & correlation was made between odometer
swell daza (undisturbed sample under O,5~-tsf surcharge) and percent pass-
ing the No. 200 sieve, liquid Iimit, and standard penetration resistance.
The resu_ting classification of the degree c¢f expansicn 1is as fo_lows:
Laboratory and Field Clata Prchable
% LL Std  Penetraticn Expansicn Degree of
< No. 200 % Blows ver foot Exvansion
<30 <30 <10 <1 Low
30-60 30-40 10-20 1-5 Medium
60-95 Lo-60 20-30 3-10 Bigh
>95 >60 >30 >10 Very high
Although attempts have been made to correlate density with standard
penetration and have Dbeen gquite successful in cchesioniess materials,
the extrapo_ation to cchesive materials (especially cvercerso_idated
clays) has nct been very meaningful.
on 6 o N L
163, Sorochank method.5 The correlation involves relating the
swelling index (void ratio, e , after free expansion divided by the
iritial sampie void ratio, eo) o the plasticity index. The resuiting
degrees of expansion with regard to correlated parameters are as fo_lows:
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Swelling Index, e/eO

15 < PI 20 < PI 25 < 31 30 < PI 35 < PI. Jegree of
< 20 < 25 < 30 < 35 < L0 Expansion
a.l2 <1.11 z.09 <1.08 a.07 Nonswelling

1.12-2.23 BT I S.09-1003 1.08-1.17 ZLG7-1005 S-1ght
1.23-2.38 SV SL15-1.48 B ZL15-1.22 Medium
- >1.30 .28 a.25 >1.,22 High
The method corsiders twec of the vproperties important tc vo.ume change;
however, an expansicn <est must pe conducted ¢ use the method
s g . .08
0., Vi-ayvergiya and Ghazzaly methed. “he rmethod deflnes a
swell index for an expansive soil as the ratio of the natural water
content to ligquid limit and correlates it with odomezer swe__ (0..-tsf
surcharge) and swel. pressure data. kather than a specific degree of
expansion, _imits of probab.e swell ard swelling ovressure are defined
as shown in the fcllowing tabu-ation
Natural Water <Content Swel_ Eroban.e
Liquid Lirit Swell, 7%
>0.5 <1
0.27-0.3 i-d
0.25-~0.37 £-23
<0.25 >10
“"he method 1s pased con data co.lected from a wide variety c¢f zamples and
is very simple to use, il.e., &.l that 1is reguirea is the rnatural water

content and liguid limit.

tion of the method 1s relative_y .imited.

10Z.  Vijayvergiya anc Su-livan

lation of odometer swell adata

dry density Here again, gcegree cI expansicn
& family of curves relating cthe parzmeters w
change (Figure 1), The basic materiz. data

limited,

03

~¢3. Neyak and Christensen nethcd,
development cof two statistical relatlonships,
cther for swelling vpressure, in terrs of

However , experience with regard to applica-

The method Is corre-
) with-liquid limit ara
s nect cefined; ins:tead,

guantitative wvolume
for the ccrrelation iz
the sysztem 15 scmewhat
The nmetnod invelves the
gne for swe._ and the

index, percent c.ay
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content, and initial mecisture ccntent., The developed relationships are:
S. = (2.29 X 10"2)(PI)1'A5 C .+ 6.3
p 1
where
SP = predicted swell percentage
PI = plasticity irdex, percen:z
C = clay content, percent

w. = initial molsture ccnzent

and
P = (3.5817 x 107)(p1)" " S 4 307010
4

where

Pp = predicted swelling pressure, psi
The correlaticrn with measurec odcmeter data wWas vVery gJoca. fere agairn,
experience with the method outside the area o¢f its deveicpment 1s scme-
what limited.

- A

104, Komornik and David methed. 'Y  This is another statistical
comparison of measured data which provides a relationship for predicting
swelling pressure using liguid limit (LL), natural dry density (Yd), and

natural molsture ccntent (w.). The relatlonship for vprecicted swelling
i

cressure is:
log & = -2.132 + 0.0208(LL) + 0.000665(y ) = 0.0269(w, )

. . . . , 2
The dry density and swelling pressure are in kg/cm..

a

03, As with the airect and indirect technigues, ro universally
arplicable technique hes been described for an accurate assessment of
the potential wvolume change. However, experiences within lccalized

areas have indicated reasonably gocd results wusing many of <the tech-

niques previously described.
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PRECONSTRUCTION  TECHNIQUES FOR  MINIMIZING  DETRIMZNTAL
VOLUME CHANGZ Or EXPANSIVE SCIL SUBGRADES

Introduction

106. During the past decacde, the methods reported for controlling

or limiting detrimental volume changes in subgrades has changed little.

. . ‘ A L
In 1964, =z literature review on swelling smlsl 6 by the Colorado State

Yighway Department :identified the following courses of action for deal-
ing with the problem:

a. Removal of expansive soil and replacement with nonexpan-
sive soil.

b, Application c¢f surcharge pressure.
¢. Preventing access oI water IO the soil.
d. Prewetting the scil.
2. Stabilization by chemical admixtures.
f. Mechanical stabilization.
107. Since that time few, if any, additional methods have Dbeen

edded to the list, and every major literature review or ccnference on
swelling soilszg’h3’lh7_150 has reiterated these remedies. However, an
exarination of the literature of the past decade reveals that enormous
strides and many innovative techniques have been developed for applying
these methods, with literally hundreds of dccuments vublished. While
it is impossible to tabulate and review all these pupblications, the
following paragraphs summarize various ©vrojects and general conclusions

concerning these methods.

n

Methods of Controlling Volume Change of Expansive Soil

Removal o©f expansive soil and
replacement with nonexpansive soil

108. Removal of natural expansive subgrade materizl and replace-

ment with a nonexpansive material is a most obviocus method of eliminat-

ing swell problems. In some cases this approach may be economical if
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the expansive stratum 1s thin and rervlacement materials are available.
Unfortunately, <this 1s generally not the case, and the excavazion and
replacement soluticn is extendsd cnly to a depth which will reduce swell-
ing to a *clerable minimum. Hence <the recuired depth ¢f excavation
depends wupon the expansiveness of the soil and the anticipated weight of
backfill and structure which counteract the uonlift Zorces of the swelling
soil. The selection of <the vparticular nonexpansive backfill nraterizl is

L. 151 ‘ . ‘
critical. Holtz suggests that replacement sclls pe impervious as

bl

pervicus soils may create conditions conducive <to the «c¢ollecticn of

1s.

n

water or the condensation of mcisture from the air through hydrogene

109. Holtz28 describes repairs rmace to the Mchawk and Wellton
Canals by removing the subgrade =s0il and replacing It with & sancd-gravel
material before reconstructing the linirg. The gravel was not highly
compacted so that some compressicn c¢f the gravel would occur, thereby
relieving part oI the expansive ZIcrce.

110. McDowell125 reports construction c¢f a large building on a
50-ft deposit of Del Rio clay in which the clay was excavated to a depth
ci 6 ft and backfilled with a nonexcansive material. In ancther case
reported Dby McDowell a 2~ to 3=ft layer of expansive soll overlying
rock was stripped oIf and replaced by compacted crushed roc fiiz,

111. Contrary to thess caforementioned successes using excavation
and replacement methods, the Cclcrado Department c¢f Highways has re-

81,153-155In

ported dismal ailures wusing <chis technique. tnese cases,

swelling subgrades were subexcavated =z depth of 2 ft and packfilled
with wvarious gradations and <=wypes c¢f granular material. CUnferzunately,
the pervious granular mnaterial opermitted the entrance c¢f moisture
through suriace runcff and hydrogeresis, and swelling occurred. It was

found <that open-graded gravels were the wcrst offenders of the graca-

ticns tested.

: 5E L. L
112. Scuth Dakota's experience - indicazed that limited under-
cutting and recompaction of the subgrade (6-18 in.) did nct sclve :their
pavement warping proglems. However, on 1I-%C, 2 vercent lime was adced

to a cushion gravel and base course gravel tc reduce the PI from 10-20

.

to less than 10 and placed directly on the untreated subgrade. The
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results showed <that although several warped pavements have <developed,

C i . , : 157
the overall serviceapility index of the project 1is good.

Likewise,
on I-95 east of Cactus Flat, it was determined thatl 'a b-in, layer of
lime~treazed gravel cushion gave as good as or better protection to the
subgrade for retenticn of the construction moisture and density at a
lower ccst than did lime stabilization c¢f the upper © in. of subgrade
with 3 percent RC-1 being mixed in the upper 3 1in. to form a moisture
carrier. 156 These experiences suggest that lime treatment oI the grav-
els may eliminate problems encountered by the Colorado Department of
Highways. However, it would appear that sufficient fines <for lime reac-
tion must be present in the base course gravels and a fairly impervious
material should result for this method to be effective.

113. Experiences cof the Wyoming State Highway Department concern-
ing the use of untreated gravel bases placed directly on the subgrade
have peen similar to those of the Coleorado Department of Highways. 158,152
The experimental project on I-25 south of Kaycee resulted in moisture
accumulations in the g¢ranular base course followed by heaving. Origi-
nally, roads built in Wyoming were constructed using gravel ({with fines)
bases with some surfacing, and heaving was not & major proglem. Zowever,
with <the advent of heavier loads and Zaster speeds of modern traffic,
clean gravel bases and gentle side slopes with several feet of exposed
gravel base Dbecame common practice. The result was swelling soil prob-
lems. Initial reactions were to thicken the gravel section; however,
the thicker the section ‘andl petter the gravel, the hicher the heaves.

In some cases a gravel with Zfines was used with some retardation of the
swelling.

Application of surcharge pressure

114,  Loading the expansive soil with pressure greater than the
swelling pressure 1is a method by which swelling can be prevented. How-
ever, pavement loads are generally insufficient to prevent expansicn,
and this method is wusually applied in the case c¢f large buildings or
structures imposing high loads. Sallbergslmentions that pavement de-
signs ceveloped by the California Division of Highways are based partly

on the reguirement <that the pavement weigh encugh to prevent expansion

-1
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of the subgrade. The use of this method obviously is'limited to swell-
ing soils with low expansive pressures, and a Careful balancing of swell
pressures and pavement weights i1s required.
Preventing access of water t©c the scil

115. Since the change in moisture conzent is the main factor
influencing the volurme change of swelling soils, it is cbvicus that if
the soil could be 1isolated from any molisture changes, volure change
could be reduced or minimized. In this context, waterproct membranes
are pecoming an  increasingly promising methed for limiting access of
water and minimizing moisture changes.

116. Holt228 descripes the wuse c¢f a cne-quarter-in. semiblown,

hot-sprayed asphalt merbrane used between the ooncrete lining and sub-

the riant~Kerr.

-
|3
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swelling subgrade with asphalt-lined ditches and rackslopes or asghalt
rembranes Dopetween the swelling subgrade and the rcad supbase. The full-
depth asphalt section provides an impermeable suppcrt material  which
eliminates moisture accurulaticn by hydrogenesis or surface runnoff.

The asphalt membrane vpermits moisture Do accumulate in the base and
subbase, Dbut prevents it from seeping downward intc the subgrade; in-
stead, the water merely drains oIf to the =side ditches.

119. The use of moisture arriers in an experimental section was

evaluated by the South Dakota Departmert o¢f Transportation on US Hwy 12
“an
. -6l . .
over the Pierre shale. The upper 6 :In. of the subgrade was treated
with a mixture oc¢I lime and RC-1 asphal:t to form <the waterprcof cover.

In addition, a polyethylene =rlastic rlanket was rplaced vertically o a
depth of 4 ft at a distance of 20 ft either side ¢f the center line, -ust
inside the shoulder line. The results incicated that there were nc
significant «aifferences in molisture contents of secticrns with moisture
carriers and those without. pparently, the polyethylene vlastic cutefs

was not placed deep encugh and the fractuvred rnature oI <the shale per-

e

mitted moilsture to move underneath:the wall. There were more moisture
fluctuations in <the areas with the moisture barrier, and the riding
surface was better 1in areas withcut the moisture rarrier. The moisture
seemed To be higher and fluctuatea rcre in the area close to the barrier
itself, indicating that a thermal change may be causinc ccndensation near
the rlastic cutoif.

120. The Mississippi State Highway Departrent used a molsture
barrier of an asphalt merbrane placed at the rate of 1 gal/yd™ in a zest
section on State Highway 475 constructed over Yazoo cleay. While
the companion control sections experienced severe <clstorticn during the
34-month observation period, the bituminous membrane provided a very
effective means of waterproofin the =roadway and preventing any detri-
mental swell. I had been fezred <that capillery rise would make the
membrane ineffective, Dbut apparently molisture migration in the Yazoo
clay is not due to carillary rise; =zather, it is controlled by surface
runoff and cracks and fissures in the clay.

121. The Arizona Department of Transportation like the Colorado



Devartment of Highways h&s used membranes and/or full-depth asphalt
roadways. These moisture barriers have proven to be a fairly gocd solu-
tion, wparticularly in aria regions. 165
122, The Wyoming State Highway Department tried plant-mixed as-
phaltic bases over granular subbases and experienced problems similar
to those of the Colorado Department of Highways. Specifically, moisture
accumulated in the granular layer which subsequently infiltrated the
expansive subgrade causing heaves. However, the wuse of full-depth plant-
rixed bases and aschaltic membranes has produced an eccnomical, effective
reans of preverting meisture migraticn to the subgrade by surface
moisture. 158
123. Cn the Kaycee-South experimental section of 1I-25, the Wyo-
ming State Highway Devartment placed & secticn consisting of 2-in. plant-
mixed asphalt concrete surface course, an 8-in. hot-mixed asphalt-
stabilized base, and a varilable section (minimum 3 £+) of select soft
sandstone base over the expansive Ccdy shale. A plastic membrane (un-
sealed at either edge) was placed in either ditch section part way uo in
the select sandstone base, Figure 12. In the companicon nonmempbrane
section, a considerable increase 1in moilsture occurred at the select sand-
stone base and clay subgrade interface. Likewise, 1in the membrane sec-

tions under the driving lane (where no membrane was placed) significant

10" ASPHALT PAVEMENT, DRIVING  LANES

R

SELECT SANDSTONE PLASTIC MEMBRANE

CLAY SUBGRADE
AASHO A-7~6(18)

6' BELOW SURFACE )™

Dg CHANGE IN MOISTURE FRO,.,
SEPT &5 TO MAY 68

* FINAL READINGS IN MAR 68

Figure 13. Membrane section on Kaycee Project showing moisture
buildup under center portion of roadway from hydrogeresis.
Membrane kept shoulder area dry (from Reference 159)
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the sandstone base course.
124, On the Upton-New Castle test secticn cn US Hwy léoverlying
shale sirmilar to the Pierre and on zthe Upton-Ten Sleep test section on
US Hwy l6overlying the Cody shale, <he Wyoming State Highway Department
used catalytically Erlown asphalt membrane to minimize molsture changes.

Asphalt membrane was placed comple

ot

ely across the subgrade to the bottom

cf the side ditches and up :the ©packslecpe <o & horizontal distance of

18 in. Results showed that no significant changes 1n moisture content

occurred, and the pavement was virtually free of any significant expan-

sive soil upheavals. 159
125. An evaluation of moisture barrier sealants by <the University

167

cf Wyoming Zor the State Highway Department showed <that Peneprime and
a catalytically blown asphalt with P205additive were effective sealants.
However, a product, B D Quat 2 Coco, and silicone 772, were not effective,
Peneprime when heat'ed to 250°F penetrated remolded compacted clay speci-
mens & depth of 1 in. at assimilated application razes of 0.35 galjﬁfdg.
The catalytically blown asphalt when neated to LO0°F and applied at a
rate of 1.44 gal/yd2 forred a 1/4-in.-thick membrane resermpling a

tire inner tube. The B D Quat 4 Coco was intended tc coat the soil
particles with =z water vrepellant film. Zowever, when epplied as &
concentrated surface treatment, tne Coco formed a gel when 1t contacted
water; the water eventually penetrated =the gel, causing swelling. When
the Coco was mixed with wazer, & gel Zcrmed and no penetration of the
soll occurred. Silicone 772 1s wused as a waterprcofing agent for ex-
terior wall and roofing products. However, it coes not adhere well to
soil particles, and crackirng occurred during labcoratcry tests.

Prewetting the soil

126. The ocjective of prewetting is o allow desiccated swelling
soils to reach equilibrium prior tc vlacement of <the roadway or struc-
ture. The mcst commonly applied method for accelerating swelling by

29,138

thils techrique 1s ponding. The cuestions c¢I how lcng the

17



material should be ponded anc <o what depth the moisture should pene-

trate to be effective are still unknown.

2
i

[

One of the earliest, more notable highway ponding projects

was on US Hwy 81 north of Waco, Texas, over Wilson clay loam which 1is
developed from the Taylor marl.l52 In 1948, two areas were ponded; one
site had Lh-in.-diam holes drilled to a depth of 8 ft cn 5-ft centers;

at the second site, L-in.-diam holes were drilled tc a depth of 7.5 %
on 6-ft centers. The holes were backfilled with sand or gravel tc mini-
mize sloughing of the walls and filled with water daily for 4 months.
Most of the water entered the uoper 3.5 ft of soil, and the quantity
added was so small compared to the volume of soil Dbeing wetted that some
parts of the soil were still below the shrinkage level 2 months after
fi1lirg of the holes began. To expedite the swelling process, two areas
were ponded for approximately 3 nonths. In the L0 days prior to ponding,

there was no evidence of surface heave resulting ZIZrom the daily £filling

of the holes with water. However, after 3 days of ponding the surface
rose 1 1in. Several experiments to accelerate water movement ZIrom the
holes were tried. 1In one experiment, pressures of 25-90 psi were applied
in sealed holes. Two comparison experimental sections, one with bein.-

diam holes 8 ft deep on 5-ft centers and one without any holes, were both
ponded. All these experiments concluded that the holes were of little
velue 1n wetting the soil and that ponding was more eflfective. The ap-
parent reason for this conclusion was that the blocky-structured natural
clay afforded easy penetration o¢f the water. Hence 1t was recommended
that ponding be completed prior to 4any grading which may alter <the

natural  fissures.

128, In 1958 a section of I-35 north of Waco, again crossing the
lower member of the Taylor marl, was ponded for 22-41 days. Results of
the prcject showed thet the water did not penetrate more than L ft down-
ward during a ponding period of 24 days. Nevertheless after several
cdays of ponding, the moisture contents at the 20-ft depth level in-
creased. Results of this ponding show that after 7 yr c¢f service, only
2 of the 15 ponded sections have become rough, while several unponded

\ s L. . TR
sections 1in the same area have heaved and been overlaid or replacec. 152
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129. Based upon <these Texas Highway Department proiects,
152 . L ‘ - ‘ . , .
McDowell feels that pending of appreximazely 30 days Is  recommended.
After ponding, 1lime stapilization may be required <o cvrovide a firm

working platform and to decrease evaperatlon and dry weather cracking o

Fh

the underlying subgrade. -
130. Pending of foundations for building sites and highway sub-
. . o 125 . .. . 168
grades have Dbeen reported by McDowell, > Watt and Steinburg,

Blight, 169 Dawson, 170

McDowellleS’152

171

and Haynes.
the foundaticn soils were ponded for 35 days, followea

by lime stabiliza-ticn to vrovide a working platfor
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dry weather cracking and evapcraticn. [Results were successful.  Some
success was reported by Dawsonl70 who flooced <cthe ZIcundation <renches
for a building on expansive clay. After 4 months cf ponding, penetra-
tion o¢f water into the scil was found to be very limited. Nevertheless,
the subsequent heave ¢f the structure crcoved to ke less than that ob-
served for similar structures in the ares.

171

131, Haynes and Mason epcrt a prewetting zechrnique In which
6-in.-wide, 23-ft-deep trenches cn a 10~ by 30-ft grid were filled to a
depth of 1 ft with lime and packfillec with gravg]_, Water with a sSur-
factant Kyro EO was placed in the =trenches for abcur 1 month. At this
time the soil had reached the required prewetted molisture content cor-
respcending to the fully swelled condition and the floor slab was placed
with no subseguent heave problexs.

132, Ponding cf z 27~ft-deep cut on US Ewy 90 west of San Antenio,
Texas, 1n the Taylor formation was accomplished in 1970,168’172 An area
from 3 ft up the backslope across the main lanes, nmedian, and shoulder
was ponded for hS days. It was observed that little water reachec below
3 ft due to the lack ¢f a fissured system in the clay, and the sourc
cf swelling was primarily in the upper L fz. In ore ¢f the ponds a
surfactant was used, ©fut no perceptible difference in the suriace and
depth elevations c¢r molsture readings was cbserved. This, vlus <the fac:
that the surfactant-water combinaticn was toxic to geolcfish, lead to 1i:s
discontinuance. The areas were lime-stabilized after <drainage to hold

the moisture. At this time, =z road condition survey cof the ponded and
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adjacent areas of US Hwy 90 is inconclusive as to the effectivenesss of
the ponding. However, 1t appears that the ponded sections have re-
quired 1less maintenance work.

133, The Mississippi State Highway Department conducted an  ex-
perimental cut and fill ponding section on State Highway 475 overlying

t
163-265 . . ) -
¢ The entire section was undercut 3 ft below <Zinished

Yazoc clay.
subgrade elevation, a grid of 6-in.-diam sand crairs 20 £t deep (lapora-
tory tests showed swelling tp 20 ft could be anticipated) on 5-ft centers
constructed, and the section ponded for 140 days. After drairage the
section was brought to grade'and the upper 6 in. stabilized with T per-
cent lime. The 1lime stabilization extended Zfrom ditch to ditch tc pre-
vent future desiccaticn. Mcisture content deterrmination &t various

cepths under the secticn proved to be inconclusive; however, 1t was con-

cluded that the permeability of the remolced fill clay was so low that

ponding was not effective in reducing the swell potential. Ponding was
effective 1in the cut area. However, performance data 1indicate that all
experimental sections, including an asphaltic membrane section, have

required no rmaintenance, while the companion control secticns have ex-
perienced considerakcle distertion. Apparently, the melsture ©Dparrier
consisting of an asphalt membrane 1is an effective method for construc-
tion ,in this materiel.

Stabilization by chemical admixtures

134,  Chemical stabilization has been used as a method Zor altering
the clay structure or clay-water combination to prevent cr minimize
swelling of expansive clays. Literzlly hundreds of chemicals or addi-
tives have Dpeen tried. Cementation by lime, 1lime-fly ash, and cement has
been useaq. Ion exchange (additzon of divalent and trivalent salts), ca-
“ion fixation in expanding lattice clays (with potassium), deactivation
of sulfates (with calcium chloride), waterprocfing (silicones, asphalts),
cementation (silicates, <carbonates, lignins; phospheric acid), and al-
teration in permeability and wetting preoperties (surface active zgents,
wetting agents) have all been attempted or used to reduce the expansive

<

properties of swelling clays. However, due to mixing proklems, ecconcm-

ics, effectiveness, and practicability, none of these are recommended for

80



Merhod Aagitive

Lime treutment

Reduce wr
Tty cement
change, and

clay minera

Mixing in fioce

Chemicals: Varicus eflfects have beer ually an:d
Hydroxides measured ¢r hypothesized, replace or mix-in-yla
Chiorides including: arces 1E€
Phospheric acid Feduced pliasticity 187
Carbonates Improved compaction PRt

Sulfates

Lirnins

edurced swell

waterprociing

3iliconates Freservation of soll tiv
Acphalts structure
quaternary Increased strength

ammorium Increased or de-

chloride creased permeability

Proprietary:
"Compaction aids"

faRvel

[

[P

b
NolVeRVeRoRVaRVe oY

n

Other

b




173

large-scale routine treatment of swelling soils. Lime continues to
g g

be the most widely used and most effective additive for stabilization of
167,173 173

expansive clays. Table 7, excerpted from Mitchell, summarizes

the use of various chemical additives for controlling volume change.
135. The University of Wyoming evaluated epproximately 17 differ-

ent additives for stabilizing &n expansive clay on I-80 west of Lara-
mie.l67 Effectiveness was evaluated by volume expansion tests using a
CBR mold and swell pressure tests using & 4-in.-diam Proctor mold.
Briefly, the following additives were evaluated:

a. Alcohols and formaldehyde. Isopropyl alcohol caused the
soil to become friable and reduced the swelling as much
as lime for a short period of time. Negative results
were obtained with a lime-isopropyl alcohol sliurry in an
attempt tc migrate dissolved lime into the clay. Ethyl
alcohecl and formaldehyde also reduced swelling, but the
tests showed that thls reduction was only temporary.

fo’

B D Quat 2 CoCo. This agent is a quaternary ammonium
chloride and was added to the soil in an attempt to form
a water-repellent film covering the clay. Gelstion oc-
curs when CoCo is added to water. Addition of concen-
trated CoCo-water mixture to the soil caused the soil

tc become friable. Reduction in swell compared favor-
ably with lime, but, as with lime, good mixing is
required.

el

Reten. Reten 210 and Reten A-1 are synthetic, water-
soluble polymers; the former is cationic while the latter
is anionic. They are used as flocculants in sewage
treatment and, as expected, when they were added to the
soil, a spongy, friable mixture was obtained. However,
when very slight amounts were added to water, unmanage-~
able gelation occurred, thereby precluding any migration
and ease of mixing.

[o?

Nalcolyte. Nalcolyte 605 and 675 are a cationic poly-
electrical organic coagulant and a water-soluble polymer
flocculant, respectively. Nalcolyte 605 caused the soil
to become friable, but failed to reduce swell. Nalcolyte
675 behaved similar to Reten with a considerable loss in
density observed.

Silicone. Silicone 770 and 772 are silicone resin con-
centrates used for waterproofing masonry, and a water-
soluble sodium methyl siliconate used as a dispersing
agent in clays and ceramics, respectively. For the
percentages tested, silicone T70 failed to provide any
appreciable swell reductions. Silicone 772 at 3 percent

|
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produced results nearly comparable to lime, but at 0.5
percent little swell reduction was obtained.

|+

Sodium and magnesium chlorides. At application rates of

0.5~2 percent by dry weight, only slight improvements
were observed.

g. Phosphoric acid. Phosphoric acid in amounts of 1, 2,
and 3 percent by dry weight was added to the soil. When
the acid was added to the moist soil instead of being
added directly to the mixing water, the soil became
friable. However, no reduction in swell was obtained.

=

"N" sodium silicate. This agent is a concentrated sili-
cate solution which would hopefully cause icn substitu-
tion and thereby eliminate swelling. Several mixing
possibilities were attempted, but because cf the many
variables involved, i.e., polymer size and concentration,
pH of water, temperature, cglcium or aluminum ions added,
and the amount of water used in mixing, the mixing combi-
nations are innumerable. Only slight reductions in

swell were obtained for the mixing combinations tried.

I

Emulsified asphalt SS-K. Asphalt mixed with the mixing
water in amounts of 1, 2, 3, and 5 percent by dry weight
increased friability, but did not significantly decrease
-the swell.

J. Kerosene. Kerosene, when placed on the surface of com-
pected specimens, was observed to penetrate the soil
quickly. However, after the kerosene had completely
penetrated the sample, rapid volume increases approaching
10 percent were observed when water was placed on the
surface.

Results of this program showed that none of these agents reduced the

swell as effectively as lime.l67
136. The South Dakota Department of Transportation constructed an

experimental rcad section to evaluate the field performance of various

196

stabilizing agents. A test road composed of a 2-in. Class F mat and
a 5-in. base course, with 3-6 in. of standard subbase and select soil
~varying in thickness from 6-18 in., was placed over stabilized sections
of Pierre shale. The stabilizing agents and percentages added to the

subgrade were:

a. Lime, 6 percent.
b. Lime-asphalt, 6 percent plus L4 percent RC-1.
c. Phosphoric acid plus ferric sulfate, 5 percent plus 2

percent.
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d. PDC Formwla (4:2:1; lime:Portland cement:soy flour),
5 percent.

Results of this experimental project show that all of the stabilizing
sgents altered the physical characteristics to some degree, with lime
having & more permanent effect in lowering these characteristics. CER
ratings showed that after I yr the phosphoric acid section had a value
only slightly higher than untreated soil. Conversely, lime, lime plus
RC-1, and the PDC formula, in that order, caused significant CBR in-
creases. Serviceability ratings of the stabilized sections except for
the phosphoric acid were better than those of the standard design sec-
tion. Lime~treated sections had the best ratings, while PDC and lime
plus RC-1 followed very closely. The use of stabilizing agents in 1964
changed the average initial cost per mile from $67,500 for untreated
soil to $85,200 per mile for lime, $93,300 per mile for lime plus RC-1,
$95,700 for PDC formula, and $120,600 per mile for phosphoric acid plus
ferric sulfate. It was concluded from the study that phosphoric acid
was not effective ag a stabilizing agent of the Pierre shale, and that
the effect of the PDC formula was due to the lime-cement combinastion of
the formula rather than the soy flour additive.

Methods of lime treatment

137. Lime continues to be the most effective and most widely
used additive for treating expansive soils. Initially, lime treatment
was confined to the upper few inches of subgrade, perhaps primarily to
achieve strength benefits and not so much to treat the expansive prob-
lem. Recently, efforts have been directed toward stabilizing or modi-
fying deeper layers. In addition to conventional mix in-place or batch
mixing, ogher methods for incorporating lime include electrical, drill-
hole, pressure, and deep-plow.

138. Electrical. The use of an electrical potential to increase
the rate of lime migration was evaluated in the laboratory by the Uni-
versity of Wyoming.197
on top of a compacted specimen and an electrical current of 1-4 amps
prlaced across the slurry and sample for 15 min. The results showed

that 1ittle lime or few calcium ions migrated into the soil, and this
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method was abandoned. Electroosmotic methods were reported by the

198 with similar results. Lime slurry

Louisianag Department of Highways
(10 percent by volumé) was placed in a trench between steel electrodes,
and an electrical gradient ranging from 0.75 to 2.0 volts/cm was applied
for durations ranging from 75 to 1584 hr. Water movement was satis-
factery, but no appreciable amount of lime migrated and the method was
abandoned.199

139. Drill-hole. This technigue consists basically of drilling
holes intc the subgrade and .backfilling with a lime slurry or lime
slurry-sand mixture. Once placed in the holes, the lime migrates or
diffuses into the soil system, initiating the soil-lime reactions. How-
ever, this diffusion process can be quite slow,'and time may be required
before a substantial quantity of the soil is affectedgoo unless a system
of cracks and fissures extends to the depth of the hole. The drill-hole
technique has been used for remedial measures and new construction by a
number of highway agencies.

140. The Oklahoma Department of Highways2ol has reported numerous
successful instances of drilled-hole lime gpplications. Typically,
9-in.-diam, 30-in,-deep hcles on 5-ft centers have been backfilled with
lime slurry.

141, ZExperiences of the Colorado Department of Highways using
drilied-hole lime techniques have proven gquite successful.202 Generally,
12-in.-diam holes with depths ranging from 6-20 ft, depending upon the
extent of treatment desired, on a 5- by 6-ft grid or 5-ft centers, are
used. Experience showed that slurries of more than' 1 1b of lime per
gallon of water result in less lime and water migration. Holes at least
12 in. in diameter are recommended as smaller holes do not provide suf-
ficient water and soaking areas and are more costly. The mechanism of
stabilization observed shows that lime does not migrate over 2-3 in. from
the periphery of the hole and mostly at the bottom of the shaft (lime is
slightly soluble in water and rapidly settles out of the slurry). The
swelling potential is reduced due to the moisture increases in the soil

{similar toc ponding action) and stress relief. Stress relief allows dry

material away from the hole to expand laterally into the hole, thereby



reducing the vertical swell component. From these considerations, it
would appear that lime is of little benefit to the technique; however,
experiments suggest that water migration is more effective when water is
added as a lime slurry than as water alone. Backfilling the holes with
sand or gravel permits excess moisture accumulated in the base and sub-
base courses by hydrogenesis to be drained evenly into the subgrade
instead of collecting unevenly and causing uneven heaving.

1Lk2. Efforts by the Louisiana Department of Highways to use
drill~hole lime stabilization to improve the strength and stability of a
fill were unsuccessful.zo3 In this case, a half bag of lime (25 1b) was
placed in 9-in.-diam holes, 18 or 24 in. deep on 3-ft centers,-while one
bag of lime (50 1b) was placed in 36- or LB8-in.-deep holes on 5-ft
centers. Results obtained by test pits showed little or no lime migra-
tion from the hole periphery after 1 yr.

143. In a remedial measure, the South Dakota Department of Trans-

157

portation placed a lime slurry composed of 1 bart lime, 1 part water,
and 1 part sand into L4-ft-deep holes placed on 5-ft centers (no hole sige
given) into an expansive subgrade of Pierre shale clay. Results showed
some reduction in the frequency and sharpness of the bumps. With time s
definite improvement in serviceability index was noted for these sections
over companion untreated areas. These studies and field sections show
thet lime migration from the drill hole was quite limited and restricted
to the periphery of the hole. Success using this technique arises from
(a) an increase in moisture content of the surrounding subgrade due to
migration of the water (aided by lime) from the hole and (b) stress
relief of lateral expansive pressure, thereby reducing upward swell

pressures.

144, Lime slurry pressure injection. In an attempt to obtain

greater distribution of lime in swelling subgrades, the technique of

lime slurry pressure injection (LSPI) was developed. The technique
consists of pumping lime slurry under pressures of up to 200 psi, de-
pending upon soil conditions, through hollow injection rods into the sub-
grade. The injection rods penetrate the soil in approximately 12-in.

intervals, and the slurry, 2.5~3.0 1b of lime per gallon of water, is
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injected into refusal. Refusal is defined as (1) soil will not take
additional slurry, (2) slurry is running freely either around the pipe
or out of previous injection holes, or (3) the slurry has fractured the
surface and is flowing. A wetting agent is often added to the slurry
to assist in migration, and spacings of 3-5 ft on centers is
common.gou_206 The lime slurry left on the surface immediately follow-
ing injection is mixed into the top 4-6 in. of soil and recompacted.
145. The Louisiana Department of Highways has reported

result5199’203

of a LGSPI experiment used on a hydraulic fill on I-55.
Lime slurry, either 0.5 percent lime by weight or 1.5 percent lime by
weight, was injected on 5-ft centers to depths of either 5, 10, or 20
ft. Injection was made every 8-1/2 in. of depth. During the process,
various quantities of lime slurry would break out of the soil at dis-
tances ranging from 1-5 ft {rom the injection point, and an estimated
2-30 percent of the lime slurry was lost at these "breakout' points.
Disturbed and undisturbed samples and test pit observations approxi-
mately 2 and 4 yr after injection revealed that the lime distribution
was stratified in nature. The lime slurry flowed through fissures
caused by the pressure, fracturing the silty soils or preexisting voids.
Little penetration into the heavier clays occurred, and bulging of
the highly plastic material allowed the slurry to go around the injec-
tor. The area of treatment, after 4 yr, extended 1/2-1-1/2 in. above
and below the slurry seam, and no active lime was available for further
reactions with the surrounding scil. There was little increase in the
unconfined compressive strength of samples, and no lessening of sub-
sidence due to LSPI was observed.

1L46. Wrightgou’205 also observed that when lime slurry is in-
jected into heavy clays, the slurry migrates through available frac-
tures and fissures in the scil, creating a network of lime seams. The
added moisture may cause a noticeable swell of 2-8 in. at the time of
injection, depending upon the original moisture content of the socil.
This preswell is beneficial as the lime seams and upper b- to 6-in.

stabilized layer create moisture barriers which assist in maintaining a

constant moisture content, and thus eliminate subseguent cracking and
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swelling. Because of the lime seam effect, the quality of the LSPI can-
not be evaluated by conventional tests, i.e., Atterberg limits, pH,
swell, or strength tests, on recovered samples.

147. Ingles and NeillSO evaluated lime and cement grouting at
seven sites in Australia. Two lime-water grouts, 1:1 and 1:2 by weight,
and a comparison cement grout, 1:1, were injected under pressure into
the soil via sealed L-in. auger holes ranging from 3 to 8 ft deep.
Visual inspection of recovered cores showed that the grout penetrated
fissures and not pores. In this context, dry-season grouting, when des-
iccation cracks are most prevalent, enhances grout penetration. Post-
grouting results indicated that surface movements occurred shortly after
grouting due to the moisture being added, but that surface level fluc-
tuations in montmorillonitic soils and total swell were reduced by 50
percent over untreated areas. By comparison, cement grouting was less
satisfactory with surface movements in the montmorillonitic soil being
reduced by 10 percent.

148. In a recent publication (1975), Thompson and Robnett206
summarized that although there are conflicting reports concerning the
effectiveness of LSPI, it seems logical to conclude that LSPI may be

an effective swell control procedure under certain circumstances. The
condition most favorable to the achievement of successful LSPI treatment
of expansive soils is the presence of an extensive fissure and crack
network into which the lime slurry can be successfully injected. The
treatment mechanisms explaining LSPI effectiveness, i.e., prewetting,
development of soil-lime moisture barriers, effective swell restraint
with the formation of limited quantities of soil-lime reaction products,

all have validity.

149. Deep-plow lime stabilization. Conventional soil-lime

construction techniques are normally limited to maximum depths of 8-12
in. With these 1ift thicknesses, typical soil stabilization equipment
is capable of pulverization, blending, and mixing required for high
quality soil-lime mixtures. However, if greater depths of stabilization
are required in one 1lift, these conventional techniques are inadequate.

ThompsonNQ describes successful use of deep-plow lime stgbilization to
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stabilize lifts 24 in. thick and suggests that the technique may pos-
sibly be extended to 36-in. lifts.

150. The technique pioneered by the Oklshoma Department of High-
waysgo7 in 1966 consists of (a) plowing the roadway to a depth of 1 ft
prior to spreading the lime, (b) spreading the lime required for stabi-
lization of the layer, (c) mixing the lime and soil with three passes of
the plow to a depth of 2 ft, (d) spraying water over the roadbed after
initial dry mixing, (e) final mixing using a deep ripper, (f) compacting
the 2-ft depth of stabilized material in one 1ift using either sheepsfoot
or vibratory sheepsfoot rollers, and (g) a final compaction and test
rolling using a 50-ton roller making six passes. A special three-toothed
ripper attachment with a trapezoidal shaped shoe-plow bolted to the
teeth was used for ripping operations. Densities taken at various
depths, 0-8 in., 8-16 in., and 16-24 in., revealed that adequate densi-
ties, >95 percent AASHTO T-99, were obtained at all depths. Examina-
tion of the profile during density investigations revealed that a fairly
equal distribution of lime was cbtained in the upper 16 in. with a lesser
amount being observed in the lower 8 in.

151. ‘I‘hompsonlS3 cltes examples of deep-plowing operations at the
Fort Worth Regional Airport and in Illinois. In Illincis, the lime was
disked into the upper layer and "turned over'" using a moldboard plow.

He emphasizes that quality requirements, i.e., lime content, pulveriza-
tion, mixing, and compaction, should be carefully coordinated for suc-
cessful results.

Mechanical stabili-
zation (compaction control)

152. Considerable experimental evidence existssl’gs’th’goB_Zlo

that the conditions of compaction have a considerable effect on the
swelling characteristics of compacted expansive soils. Figures 14 and
15 from Holtz and Gibbs illustrate some of the influences. These re-
sults show that an increase in molding water content for a given den-
sity decreased the swell and swell pressure. However, an increase

in density at any given water content may increase or decrease the

swell, depending on the range of densities involved (generally, an
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increase in density causes an increase in swell). Hence low densities
and high water contents are conducive to smaller expansion. Seed and
Chan51 observed that soils compacted dry of optimum exhibit higher
swelling characteristics and swell to higher water contents than do
samples at the same density compacted wet of optimum.

153. 'The method of compaction also influences swelling charac-
teristics of compacted swelling soils. An expansive soil with a dis-
persed, (deflocculated) structure swells less than one with a flocculated
structure for the same water content and density. Seed et al.lh2 have
shown in Figure 16 that kneading compaction leads to dispersed structures
and less swell than static compaction and flocculated structure.

154. From these considerations, the swell or swell pressure can
be reduced by compacting the soil to medium or low densities at water
contents above optimum. Compaction equipment producing a kneading
action and corresponding dispersed structure, such as a sheepsfoot
roller, would be most appropriate. Obviously, if high strengths were
impertant, low densities wet of optimum are impractical as this condi-
tion is conducive to low strengths and subsequent deformations.

155. Johnson29 cites examples by the Omaha211 and Kanssas City212
Districts of the U, S. Army Corps of Engineers using moisture and
density control methods for minimizing soil heave. In these Districts,
water contents 2-5-1/2 percent above optimum and compaction to 88-93
percent of standard density were successful in controlling heave.

156, Le’er2l3 describes North Dakota Highway Department experiences
using compaction control to minimize expansive subgrade prqblems. Prior
to 1967, standard compaction for earthwork was to compact the subgrade
to 90 percent of the AASHTO T-180 maximum dry density and use a minimum
water content of 75 percent of optimum. These criteria resulted in com-
pacting the soil to fairly low water contents, which was conducive to
swell. Since 1967, compaction specifications have been changed to 85
percent of AASHTO T-180 maximum dry density and & minimum water content
of optimum. These new compaction standards and the use of continuously

reinforced concrete pavements have virtually eliminated pavement rough-

ness in expansive soll aress.
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157. Tpe South Dakota Department of Transportation156 used speci-
fications requiring that the upper 3 ft of the subgrade in both cuts and
fills be constructed of weathered soil selected for that purpose. The
3~ to 6-ft zone of the entire subgrade is to be constructed of normal
soll using higher water contents and lower density minimum requirements
than the underlying embankment. Subsequent field tests revealed that
it was not always practical to hold the water content to 3 percentage
points above optimum, and the heavy construction equipment usually com-
pacted the soll above the target low density of 92 percent of AASHTO
T-99. The specifications were revised to set a minimum density of the
upper 6 ft of subgrade to 92 percent AASHTO T-99 with a target density
of 95 percent. The correéponding water content was set at not lower
than optimum with a targel content of 3 percentage points above optimum.
Preliminary conclusions based on rcughness index checks indicate that
the special moisture-density controls have retarded the adverse effects
of the expansive soil.

158. The Wyoming State Highway Department158

has experimented
with subexcavation and replacing the materisl with moisture and density
control. In areas where the interbedded layers intersect the subgrade,
a more uniform subgrade is obtained, and many of the short, choppy heaves
often produced by this formation are eliminated. However, they feel
that use of moilsture density control in hard shales places moisture in
areas where it ordinarily would not reach and that a better approcach is
to prevent moisture intrusion. The problem is that the material used
in laboratory determinations of compaction curves is limited to minus
No. L4 sieve material. However, the materisl in the field never is
broken up this fine. ©Specifying water contents above laboratory deter-
mined optimum water contents places & granular acting fill at water
contents far above field condition optimum. The result is shale frag-
ments or clay "clods" dry on the inside with free water in the wvoids.
This results in an unstable condition which can cause internal break-
downs or expansion after surfacing even if the surface moisture is kept

ocut.

159. Experience of the Colorado Department of Highwaysglu
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concerning construction in arid regions with or without moisture or den-
sity control has shown that satisfactory fills can be constructed with
swelling scils if there is good moisture-density control. Often the
expense of moisture-density control for the entire depth of high fills
is not economically Jjustified where water is at a premium. However,

a comparison of two similar rocadways, one constructed with moisture den-
sity control and the other without, shows that 33 percent of the distress
observed in the latter occurred in fills, while no distress was observed
in fills ¢f the former. By incorporating sufficient moisture in the
upper layers and avoiding construction of dry fills, successful results
can be obtained. The suggested depth of moisture-density control below
grade for cuts and tops of fills for interstate and primary highways are

as follows:

Plasticity Depth of
Index Treatment, f%
10-20 2
20-30 3
30-Lk0 L
L0-50 >

>50 6

A slightly different set of guidelines are used for secondary and state

highways:
Plasticity Depth of
Index Treatment, ft
10-30 2
30-50 3
>50 L

Heat treatment

160. Heat treatment as a technique of modifying expansive soils
for minimizing volume change has not been studied or applied extensively
in the United States.l73 Nevertheless, it is well known that heating
can cause considerable alteration of the mineralogical and hence physical
and engineering properties of clays. Aylmore et al.215 observed that
swelling characteristics may be reduced significantly by heating to

+200°C.
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161. Uppal2l6 reports field heat treatment experiments on Indian
Black Cotton Soils using the Irvine machine, a mobile furnace manufac-
tured in collaboration with the Australian government. The machine con-
sists of two units on pneumatic-tired wheels, a tractor, and a trailer
having a total weight of about 20 tons. Heating of the soil is from
two bottomless chambers lined with fire brick at the top. The two cham-
bers are separated by a gap of about L ft, which houses a mechanism for
turning over the soil burnt in the first chamber. PFiring is accomplished
by burning fuel oil through jets under a pressure of 10 psi.

162. Initial efforts with the machine resulted in a besked crust,
3/4 in. thick, as the flames did not penetrate the soil and were merely
reflected. To increase the depth of penetration, the soil was broken
up to a depth of 4 in., which produced burnt clods of 2-in. size. The
technique was found to be quite uneconomical, costing about the same
as hauling aggregate 30 miles or 2.5 times the cost of conventional
5 percent lime stabilization. Nevertheless, the technique may have

some promise in emergency or hasty construction.

Summary

163. Based upon these case histories, it is obvious that excava-
tion and replacement techniques are not a panacea unless the entire or
sufficient depths of expansive stratum can be removed so that swelling
is negligible or tolerable. Unfortunately, this is seldom the case.
Replacement should be with relatively impervious materials to avoid pro-
viding moisture access routes to the swelling subgrade.

164, The technique of applying heavy loads to counteract swelling
pressures has generally not been applied to pavements as pavement
weights are usually insufficient.

165. Moisture barriers have widespread usage as an effective
means for controlling volume changes. In cases such as arid regions
where surface moisture, either runoff or from hydrogenesis, is the
source of infiltration, asphaltic membranes or full-depth asphalt pave-

ments are effective. However, in cases where capillary moisture or high
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water tables preclude effective sealing of the expansive subgrade from
moisture accumulations, membranes obviously will be ineffective. Asphal-
tic products appear to be the most widely used material for membranes.

To be effective, complete sealing across ditches and up the backslopes

is required.

166. Ponding has been successfully used in Texas and Mississippil
to increase subgrade moisture contents and thereby minimize subsequent
swelling. Successful ponding requires presence of an extensive network
of fissures and cracks. Relatively impermeable natural clays or Tills
probably will not respond well to this technique. The use of holes,
sand drains, or trenches without ponding generally 1s ineffective;
however, where used in conjunction with ponding, they mey be of some
benefit. Lime stabilization after ponding is often used to provide a
working platform and impermeable moisture barrier to prevent desiccation
of the ponded areas. Some provisions should be made to prevent moisture
loss subsequent to ponding, i.e., a return of soil to a preponded
condition.

‘167. Lime continues to be the most effective and widely used addi-
tive for reducing swelling characteristics of expansive clays. In addi-
tion to conventional shallow mix in-place or batch mix surface treatment,
drill-hole lime, LSPI, and deep-plow techniques have been used success-
fully. Tield studies show that lime migration from the drill holes is
limited to the periphery of the hole. The primary benefit arises from
an increase in moisture content of the surrounding subgrade (lime aids
the migration of water) and stress relief of lateral expansive pressures,

168. Although controversial, LSPI is an effective swell control
procedure under certain circumstances. Conditions most favoring success-
ful treatment are the presence of extensive fissures and cracks into
which the slurry can be injected. TIts effectiveness is attributed to
prewetting, development of soil-lime moisture barriers, and the forma-

tion of limited quantities of sdil-lime reaction products.

169. Deep-plow technicues have demonstrated that 1ifts up to
2k and 36 in. can be successfully mixed with lime and compacted.

170. Compaction of the soil to low or medium densities at water
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contents above optimum can reduce the swell pressures or volume change
of compacted clays. Compaction equipment producing a kneading action
and corresponding dispersed structure, such as a sheepsfoot roller, are
appropriate. As an alternative to requiring good moisture-density com-
paction control for an entire high fill, experience indicates that good
moisture-density control, particularly minimum moisture contents of
optimum, in the upper several feet is successful in alleviating swelling

problems.
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POSTCONSTRUCTION TECHNIQUES FOR MINIMIZING DETRIMENTAL
VOLUME CHANGES OF EXPANSIVE SCIL SUBGRADES

Introduction

171. Postconstruction techniques used for rectifying unservice-
able pavements due to subgrade expansion are generally in the categories
of pavement maintenance or maintenance stabilization. Pavement main-

tenance includes:

&a. Mudjacking.

b. Overlay.

¢. Excavate and replace.
d. Drainage improvements.
¢. Membrane placement.

while maintenance stabilization includes:
f. Drill-hole lime.
LSPI.

>

Electrokinetic or osmotic stabilization.

I

Ion migration.

Remedial Methods for Treating Expansive
Soil Subgrades

Pavement maintenance

172. Mudjacking, overlaying, and excavation and replacement are
techniques used to improve the rideability of the pavement. However,
these methods merely apply a 'bandage" and do not treat the cause.
Generally, drainage improvements and/or membrane placement are used in
conjuction with mudjacking, overlaying, and excavation and replacement
to prevent further swell once corrective action has been taken.

Maintenance stabilization

173. Drill-hole lime, LSPI, electrokinetic stabilization, and

ion migration are remedial techniques for combating swelling subgrades.
In the cases of drill-hole lime and LSPI, holes are drilled through

the pavement surface and the treatment applied. These two techniques
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have been discussed in detail in paragraphs 139 and 1Lk as preconstruc-
tion techniques. Electrokinetic stabillization and ion migration are
two maintenance techniques which have received only localized use.

Electrokinetic stabilization

217

174, In 1935, L. Casagrande observed and reported an irre-
versible hardening of clay soils as the result of passing an electrical
direct current using aluminum electrodes through the clay. The harden-
ing was attributed to replacement of Na+ ions in the diffuse double
layer by AILA'-++ ions, to a reduction in water content by electroosmosis,
and to aluminates formed in the soil pores. The concept of this tech-
nique is to use electrical current to move stabilizing chemicals through
the soil mass, irreversibly alter tne clay and/or clay water system, and
thereby reduce the expansiveness of the clay. The method has consider-
able attractiveness as a remedial technique since the pavement structure
and in-place material do not require removal and reworking. As a re-
medial technique, the electrodes and chemicals are added cutside the
shoulders and migrate beneath the pavement.

175. Holt228 describes an attempt to stabilize a section of the
Friant-Kern Canal by electrochemical methods. Figure 17 shows the lay-
out and details of the trial section. Perforated aluminum pipe anodes
were placed 6 ft deep at 30-ft intervals along the toe of the slope.
Iron wellpoint cathodes, 25 ft long, were also placed at 30-ft intervals
at the top of the slope. A chemical distribution system provided a 1:1
mixture of 7 percent potassium chloride solution and 3 percent aluminum
chloride solution at the anodes. These chemicals were selected from
detailed electrochemical tests on the calcium-beidellite soil at the
site. The purpose of adding the chemical compocunds was to provide
potassium, which has a greater fixing power in the expanding lattice,
and aluminum for stabilizing purposes. The applied voltage was main-
tained at about 4O volts and the amperage varied from about 40 amps at
the start of the test to about zero at the end of the test 5-1/2 months
later. Although postexperiment test results were somewhat irregular,
they indicated that favorable stabilization took place only within‘about

L ft from the anodes. This was manifested principally in a decrease
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in exchangeable sodium cations and increased potassium cations and prob-
able stabilizing effects of aluminum. While some strength was undoubt-
edly added to the slope by this treatment, it was considered inadequate
to prevent heaving of the concrete lined sections.

176. 1In a review of electrokinetic phenomena, Zaslavsky and
Ravina218 report that aluminun ancdes have been shown to have an ir-
reversible stabilizing effect on clay soils, while ancdes of other metals
are less effective. The introduction of aluminum salt solutions into
the soil was shown to be less effective. Generally their review of vari-
ous laboratory research by others showed that maximum strengthening
was usually obtained after 30 kwhr per cubic meter of soil.

177. Bsrig'sglg laboratory experiments on electrokinetic stabi-
lization of an illitic clay using calcium ions with carbon rod anodes
and steel or brass mesh for cathodes showed a generally increasing
strength with increasing times of treatment. It was concluded that
these strength gains were the result of variations in soil-moisture con-
tent and ion exchange with essentially no apparent chemical cementation
occurring.

178. "The most complete application of electrokinetic stabiliza-
tion for reducing swelling under highways was conducted by C'Bannon for

the Arizona Department of Transportationggo’ggl

on the montmorillonitic
Chinle clay. In laboratory studies evaluating aluminum versus steel
electrodes, and calcium chleoride, calcium chloride plus magnesium chlo-
ride, aluminum chloride, calcium chloride plus magnesium chloride plus
aluminum chloride, potassium chloride, and sodium chloride solutions,
it was found that potassium chloride and steel electrodes were consis-
tently the most effective electrode-chemical combinaticon for treatment
of the Chinle. Further testing established that U-5 percent by weight
of commercial grade potassium chloride was the optimum percentage. In
an attempt to increase the rate of penctration of the potassium chlo-
ride solution into the clay, several wetting agents were evaluated.
These included Aerosol 0T (sodium dioctyl sulfosuccinate); Aerosol AY

(sodium diamyl sulfosuccinate), C-61 (ethanolated alkylqucinidineamine

compléx), propanol alcohol, and Ultra Wet. “he results of laboratory
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and field tests showed that C-61 and Aerosol AY were promising, with C-61
being the most effective and recommended for usage. From these consid-
erations, a field test section using various electrode arrangements and
methods of adding potassium chloride to the clay were evaluated. Site
one used horizontal electrodes and solution wells (6 in. in diameter,
18 in. deep in subgrade, on 5-ft centers); site two used horizontal
electrodes, and the base course was flooded with the chemical solution;
and site three used horizontal electrodes and a central trench cut
18 in. deep in the subgrade and filled with potassium chloride solution.
Evaluation of these sites showed that the Solution wells provided the
greatest uniformity, depth, and economy of treatment. It was recom-
mended that No. 8 rebar or equivalent should be used as the anode,
while the cathodes should be No. 4 bars. If vertical electrodes are
used, they should extend the entire depth of the section to be treated,
while horizontal electrodes should be placed épproximately at a depth
of one-half the total thickness of the section to be treated. A volt-
age gradient of 0.6-1.0 volt per inch is suggested. Application of
these criteria have proven effective in reducing heaving in the Chinle.
179. O'Bannon's 222 laboratory experiments using 10-4O percent
montmorillonite plus 90-60 percent kaolinite subjected to potassium
chloride electrokinetic stabilization showed that the mechanism of elec-
trokinetic stabilization was to permanently alter the mineralogical
characteristics of montmorillonite. The potassium ion possesses the
correct size and coordination properties so that it can easily enter the
basal sheet and become fixed. The result of this alteration is a re-
duction in expansive pressure by a a factor ranging from 2 to 8.

Ton migration

180. A patented technique held by Ion Tech, Inc., of Daly City,
California, has been successfully used for treating landslides and ex-

pansive soil problems.223’22h

The technique consists of treating the
clay mineral with a concentrated chemical soclution. The chemical solu-
tion added depends upon the clay minerals present and the groundwater.
After selection of the appropriate chemical, the sclution is applied

to the clay through cracks and/or drill holes. Success is due to
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replacement of the original cations on the clay by those of the additive
solution, thereby altering the clay properties. The conditions neces-
sary for successful ion exchange treatment of landslides are (&) a
clearly defined plane or zone of failure, (b) clay minerals along this
zone, (c) saturation of the clay, and (d) cracks and/or borings fér the
introduction of chemicals.

223 members of

18L. Laboratory tests reported py Arora and Scott
Ion Tech, show a substantial reduction in expansion of a compacted
control and a treated sample submerged in deipnized water and in 7 per-
cent chemical solution, respectively. A reported case history showed a
55 percent reduction in expansion. In this case, expansive clays
underlying a housing project were treated by applying chemicals in
1-1/2-in.-diam holes on 5-ft centers arcund the houses (no depth given)

and seascnal damages were effectively ended.

Summary

182. Consideration of these case histories and laboratory re-
search indicate that electrokinetic stabilization is a viable remedial
technique for reducing the expansiveness of montmorillonitic-righ clays.
The addition of potassium chloride plus a wetting agent under an elec-
trical'gradient provides potassium ions for collapsing the clay lattice
and altering the expansive potential of these clays. However, it is
doubtful that other clays can be treated by this technique. Apparently
aluminum anodes can provide some hardening of various'clays. Neverthe-
less this hardening is generally confined to localized areas near the
anode. Electrode spacing, current and voltage gradients, and concen-
tration of potassium ion solution will vary with site and would need to
be established prior to treatment.

183. Ion migration techniques are patented and have had few
trials in reducing swelling of expansive clays. Further documentation
and experience are needed before this method can be recommended. It
should be remembered that numerous chemicals have been tried for sta-

bilizing clays with lime being the most effective.
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PAVEMENT DESIGN AND CONSTRUCTION METHODS FOR
HIGHWAYS ON EXPANSIVE SOIL SUBGRADES

Introduction

184, There are a wide variety of current design and construction
practices being used by the states for highway construction over expan-
sive clay subgrades. The variety of designs reflects the differences
in subgrade soil, environmental conditions, availability of road-
building materials, and traffic. The criteria for using special treat-
ments in design are generally tempered by past experience with a combi-
nation of measures aimed at minimizing moisture changes or minimizing

the effects of such changes.

State Highway Agency Practices

185. Current design techniques used by the state highway
agencies within the area of concern of this project are defined and
described in the following paragraphs. These are practices actually
used in the design and construction of pavements, whereas the previous
section involved the treatment technigues primafily from the standpoint
of research and to a lesser extent, common practice.

>
KansaslSO’L25’226

186. Current engineering practices include trestment with lime
and the utilization of positive design features and construction contrcl.
Current lime treatment practice for concrete pavements involves modifi-
cation of the top 6 in. of the subgrade with hydrated lime when swell
potentials in excess of 2 percent, as measured in an odemeter swell
test with l-psi surcharge, are encountered. An identical procedure is
used for flexible pavements in areas of eastern Kansas where past per-~
formance has been adversely affected by nonuniform subgrades with 4if-
fential swell characteristics. Any added soil support which is real-
ized by this lime modification procedure is reflected in thinner design

sections. Lime application rates are generally 5 percent by weight.
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Utilization of positive design features and construction control to
minimize the degree to which swell potentizl is realized include the
following:

Specifications normally require that soil moisture
under concrete pavements at the time of compaction
be maintained between optimum and 5 percent above
optimum (MR-C) for the soil in the top 18 in. of the
subgrade. Moisture control for flexible pavements
is not as strict, the lower bound is specified as

5 percent below optimum (MR-5).

e

1o

In both rigid and flexible pavements in cuts of
weathered shales, the solls are subgraded to a depth
of 12 in. and a width of 2 ft beyond the road surface.
An additional 6 in. is scarified and recompacted to
95 percent c¢f standard AASHTO T-89 density with
moisture controls as specified in the standard
specifications, either MR-0 or MR-5. The subgraded
material is replaced with the same density and
moisture requirements providing a total of 18 in. of
uniform material through the cut. The same density
and moisture controls are specified for the top

18 in. of embankment sections.

|0

For control of surface and subsurface water, a typical
design roadway section places the bottom of the ditch
3 ft below the shoulder point. Also, subsurface
interceptor drains are used to control subsurface
water in cut sections.

Arizonalso’ggs’g27

187. Approximately 99 percent of the highways in the expansive
clay areas have been completed so the main problem at the present
time is to control the expansion and volume changes prior to performing
maintenance. Present design requirements for new construction, if
needed, utilizes a full-depth asphalt section over a bituminous mem-
brane placed on the subgrade. The membrane extends over the width of
the roadway, shoulder, cut ditches, and up the back slope. Design
section also requires wide shoulder slopes and good drainage in cut
ditches. A structural number of 2 is assigned expansive scils in the
AASHTO design equation.

228

Louisiana

188. Design policy in the State of Louisiana provides that

special provisions are required for subgrade materials having a liguid
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limit above the value of 50, For material with a liquid limit of 50 and
velow, a normal design would be specified for embankment construction.
The soils design engineer will specify either moisture-density control
or lime treatment for soils with a liquid limit range of from 50 to 7O.
Moisture control will be at optimum or 2 percent above optimum, and if
this creates a too wet subgrade condition, then lime treatment (about 3
percent) will be required for the upper 2-3 ft of the embankment. Mate-
rials with liguid limits above TO will not normally be used in the road-
way but may be used in nonlcading areas of the embankment such as the
shoulders. Lime treatment of the upper 2-3 ft of the embankment will

be required if this higher liquid limit material must be used,.

Coloradol5o’225’229

189. General design guidelines for highways on expansive clay
subgrades in Colorado involve (a) avoiding cut sections and using fill
sections at all times, if possible; (b) keeping moisture from infiltrat-
ing into the subgrade by using asphaltic membranes or full-depth pave-
ment layers; and (c) where cut sections are used, the ditch should be
placed at least 25 ft from the shoulder and undercut the subgrade and
recompact to ASSHTO T-99 specifications with strict moisture-density
control. The tabulation in paragraph 159 defines the guidelines for
depth of undercut for interstate and primary roads and for secondary
and state roads.

Mississippilso’gso

190. The State of Mississippi is incorporating various experi-
mental items such as asphalt membranes, moisture-density control,
replacement of material, and lime treatment for new construction now in
progress; and some of these techniques may be incorporated into design
procedures in the future. Highways are presently designed using the
AASHTO equation in which coefficients of relative strength per inch
of thickness are assigned the materials used in the layers. Lime sta-

bilization, which increases the coefficient of relative strength of

this layer and reduces the expansive properties, would be considered
the only approach at the present time to the expansive soil problem.

Lime content will generally range from about 4 to 8 percent.
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South Dakota150’225’23l

191. For primary and high type roads, design procedures incor-
porate undercutting, moisture and density control, and ilime stabiliza-~
tion. These procedures are used under asphalt or concrete roadways;
however, where areas have indicated extremely unstable characteristics
from past performances, an asphalt-surfaced roadway will be specified.
This is primarily for easier maintenance. The asphalt pavements are
full-depth asphalt (12-13 in. thick) placed directly on the treated
subgrade. South Dakota has stopped constructing jointed concrete pave-~
ments and is building continuous reinforced pavements. The embankment
under both rigid and flexible pavements is treated the same where
expansive soils are encountered. The specification requires that the
upper 3 ft of the subgrade in both cuts and fills is to be constructed
of weathered soil. This is accomplished by undercutting the subgrade
soil in 3-ft increments to a depth of 6 ft. The top 3 ft of subgrade
material that was removed and stockpiled is placed in the bottom of
the excavation and compacted to about 92 to 95 percent of AASHTO T-99
density at moisture contents Just above optimum. The remaining 3 ft of
material is compacted in place with the same density and moisture re-
quirements. Approximately 5-6 percent of lime is added to the top
6-in. layer of this material. The undercut and backfill in the lower
3 ft is from shoulder line to shoulder line whereas the upper 3 ft of
backfill material is from toe to toe of the embankment. For secondary
roads, only 3 ft of material is undercut and replaced, extending from
toe to toe of the embankment.

wyoming150,225,232,233

192. Where expansive soils are encountered in Wyoming, general
practice in design involves undercutting the subgrade to a maximum
depth of 5 ft and recompacting the material at moisture contents between
minus 4 percent and plus 2 percent of AASHTO T-99 optimum. Swell pres-
sure tests are determined on subgrade soils to determine the required
thickness necessary to prevent volume change. The use of full-depth
asphalt sections placed directly on grade are being used to help pre-

vent infiltration into the subgrade. Asphalt membranes are alsoc being
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used with the full-depth asphalt to protect the subgrade shoulders and
ditches from intrusion of water. Removal and replacement of the ex-
pansive material with a nonexpansive soil may be specified in design if
this is feasible. Stage surfacing is also used, if possible. Cost of
each alternate design is considered, and the most economical one is
used.

Oklahoma225’23h’235

193. Pavement design in Oklahoma is based on the Oklahoma Soil
Index (0SI) which is derived from the Atterberg limits and grain-size
distribution of the subgrade material. Lime modification 1s routinely
used in areas where expansive soils are predominant. Lime percentages
used are generally between 4 and 6 percent, and the strength of the
lime-modified layer is accounted for in the design method. The lime
treatment increases the 0SI, which reduces the thickness required.
Typical pavement sections used in expansive soil areas are 2L in. of
select borrow or 24 in. of lime-modified subgrade under 4 in. of black
base and 9 in. of reinforced concrete pavement. Flexible pavements
are usually bk-1/2 in. of asphaltic concrete over 9 in. of black base on
a 6-in. lime-modified subgrade layer.

fMontana150’225’236

19k, Special provisions are included in the specifications which
require that subexcavated clay shale and shale materials be placed in the
lower portions of the subexcavated areas and in the embankment not with-
in the top 3 ft. The clay shale materials are compacted between 92 to
98 percent of AASHTO T-99 density at about 2 percent above optimum
moisture. The top 3 ft of backfill material is low swell material, and
moisture and density controls are also required on this material.

Californialso’225’237

195. Design procedures for portland cement concrete pavements
in California incorporate the expansive pressure and linear expansion
tests to determine the moisture adjustment necessary in the subgrade
and required overburden to overcome the expansive pressure. The pave-
ment thickness is designed accordingly. Some districts in the state

use lime treatment in the upper 6-12 in. of the subgrade material, and

108



this is reflected in a thinner design section. For flexible pavements,
a more uniform swelling of the soil occurs, and little concern is given

in design to these pavements.
Utah150’225’238

196. Special provisions for processing the shale subgrades
are provided in the specifications to subexcavate L=5 ft of the shale
material and replace with a good borrow material. Existing shale sub-
grade material 1s scarified and compacted at about 2 percent above
optimum moisture and 96 percept of AASHTO T-99 density.

Texa5150’239

197. Design of highways in Texas over expansive clay areas
utilizes lime treatment in the top 6-12 in. of tHe subgrade. Moisture
and density control is also specified for the untreated subgrade soils.

North Dakotalso’zz5

198. Expansive clays do not cause much concern in North Dakota,
but scome precblems have developed under jointed concrete pavements. Be-
cause of this, continuous reinforced concrete pavements are specified,
and the subgrade soils are placed with strict moisture (above optimum)

and density control.

Maintenance Procedures

199, Differential or localized swell in either high volume
change soils or high swell soils results in pavement surface distortion.
The surface becomes rough, bumpy, and cracked in most cases. Criteria
for maintenance is usually when the condition of the surface becomes
unsultable for public use. Most state highway agencies use similar
maintenance procedures to correct the problem. Pavements that are
badly damaged are removed and replaced with a more suitable material.
Leveling and overlaying is the general procedure used by most highway
departments. Some of the more troublesome areas have been overlayed a
number of times so that the thickness of asphalt pavement is measured
in feet rather than inches. Some sealing of cracks and Joints is

performed on concrete pavements. Where the concrete slabs have heaved,
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the slabs may be leveled by '"slab jacking" or in some cases leveled by
applying water in holes that have been drilled in the slabs. The
Arizona Department of Transportation has been using a rubberized asphalt
membrane sprayed over the existing roadway and shoulders prior to over-

laying to prevent infiltration of surface water.
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SUMMARY

200. This report, which is based on a review of literature
combined with .experiences of the state highway agencies contacted, pro-
vides an updated summary of the properties which influence volume
change of expansive soils, technigues used for identification and test-
ing of expansive soils, and pre- and postconstruction treatment tech-
nigques for expansive soil subgrades. Some of the more important points
concerning expansive soils and the topics discussed within the report
are summarized in the following paragraphs.

201. Expansive soils are areally extensive in many regions of
the United States. The origin and distribution of expansive soils are
functions of their past geoclogic condition. Expansive soils are formed
as a result of weathering (either physical or chemical), diagenetic
alteration, and/or hydrothermal alteration of existing materials. The
distribution of potentially expansive soils has been defined and maps
prepared showing relative degrees of expansivity based on geologic
conditions pertinent to the formation, accumulation, and preservation
of the materials. These factors have been combined with experiences of
state highway agencies to provide a summary of potential problem areas.

202. The clay minerals which exhibit appreciable volume change
with variations in moisture content include montmorillonite, vermicu-
lite, chlorite, and mixed-layer combinations of these minerals with one
another or with other clay minerals. These clay minersals exhibit volume
change because of electrical charge characteristics, degree of crystal-
linity, and particle size. The mineralogic composition of expansive
soils determines whether the soil has a potential for volume change,
and the physical and environmental factcrs control the amount of volume
change that the scil will undergo.

203. The amount of volume change exhibited by an expansive soil
is influenced by the intrinsic properties (both physical and physico-
chemical) of the material and the environmental conditions prevailing
at a specific site. The laboratory and in situ behaviors of expansive

soils are functions of numerous interrelationships among the intrinsic
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properties and environmental conditions.

20L. The sampling of expansive soils is complicated by the wide
variations of the in situ conditions associated with the materials.
Generally, the sampling programs performed by the state highway agencies
include shallow auger borings and a limited number of undisturbed
samples. In addition, the capabilities for undisturbed sampling have
not been developed to the extent required to provide a sufficient number
of good samples for testing. This lack of adeguate undisturbed sampling
combined with poor quality samples reduces the effectiveness of any
direct testing method used to estimate potential volume change. The
influence of storage of expansive soil samples for extended periods
is not fully understood; however, it is generally considered to be
detrimental to the quality of the sample. Therefore, testing should be
completed as soon as possible after sampling.

205, Identification of potentially expansive scils can be
accomplished by numerous methods as described in Table 5. Many of
these methods provide qualitative assessments of the type and amount of
clay mineral present. Most of the state highway agencies rely on index
property tests and experience to identify expansive soils. A large
variety of combination techniques exist which correlate index properties
and probable volume change. No generally applicable technique is cur-
rently available; however, local experiences with many of these corre-
lations have been successful.

206. The gquantitative measurement of potential volume change is
essential for estimating the amount of in situ swell. Odometer tests
for measuring swell and swelling pressure are the most widely used.
However, available testing procedures are quite varied with respect to
placement conditions, loading conditions, surcharge pressures, time
allowed for swell, and interpretation of results. Many state highway
agencies do not use a test of this nature for estimating in situ volume
change. Even in those states which use some type of direct testing
technique, the results are often not considered in the pavement design

procedures or in the selection of a treatment alternative.

207. Based on case histories describing preconstruction
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treatment alternatives, the more successful techniques include mem-
branes, ponding, lime treatment, subgrade compaction control, and posi-
tive surface drainage. No generally applicable guidelines exist which
define the material properties and environmental conditions for which

a specific treatment alternative performs best. Guidelines of this
type would enhance the selection of a suitable alternative by consider-
ing the performance of the alternative under varying conditions as well
as the cost of the alternative.

208. Postconstruction treatment techniques are generally
limited to pavement maintenance procedures (i.e., mudjacking, leveling
and overlaying, and local excavation and replacement). Application of
lime in drill holes has been successfully used as a remedial treatment
on a limited basis. Some possible techniques for remedial treatment
include electrokinetic stabilization and ion migration. Experience
with these techniques is somewhat limited and will reguire further in-
vestigation with regard to probable success and relative cost. It is
generally accepted that the cost of electrokinetic stabilization is
prohibitive; however, with the rapidly increasing cost of construction
materials it may be feasible 1f a sufficient reduction in volume change

can be obtained.
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